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A completely automatic computerized technique for the quantita-
tive estimation of the deamidation rates of any protein for which
the three-dimensional structure is known has been developed.
Calculations of the specific deamidation rates of 170,014 asparag-
inyl residues in 13,335 proteins have been carried out. The calcu-
lated values have good quantitative reliability when compared
with experimental measurements. These rates demonstrate that
deamidation may be z hiologically relevant phenomenon in a
remarkably large percentage of proteins.

asparaginyl residue deamidation | coefficient of deamidation | deamidation
index

‘hanges in peptide and protein structure through the spon-
s taneous nonenzymatic deamidation of glutaminyl and as-
paraginyl residues have been observed in many in vitro and in vivo
experiments. Rates of deamidation of individual amide residues
depend upon primary sequence, three-dimensional (3D) struc-
ture, and solution properties such as pH, temperature, ionic
strength, and buffer ions (1-8).

Deamidation at neutral pH introduces a negative charge at the
deamidation site and sometimes also leads to B isomerization.
These alterations in structure affect the properties of peptides
and proteins in chemically and biologically important ways. It has
been suggested that in vivo deamidation of proteins serves as a
molecular timer of biological events and as a mechanism for
postsynthetic production of unique proteins of biological signif-
icance (2, 4, 6, 7, 9, 10). In the case of in vivo protein turnover,
the use of deamidation as a molecular timer has been experi-
mentally demonstrated (11-13).

Progress in the understanding of deamidation and its potential
biological importance has been impeded by the lack of reliable
and useful experimental and theoretical information about the
deamidation of most proteins. Experimental studies of the
deamidation of individual proteins are laborious and time con-
suming. Until recently, there were no other means by which to
estimate the deamidation rates of specific amides.

The deamidation rates of individual Asn residues in a protein
can now be reliably predicted as a result of two recent advances.
First, the sequence-controlled Asn deamidation rates of most of
the 400 possible near-neighbor combinations in pentapeptide
models have been measured (10); the deamidation rates of a
representative group of Gln pentapeptides have been deter-
mined (N.E.R. & A. B. Robinson, unpublished work); and the
relevance of these rate libraries has been established (14).
Second, these rates and the 3D structures of proteins with well
characterized deamidations have been combined to produce a
computation method that correctly predicts the deamidation
rates of most Asn residues for which the 3D structure is known
(15). This method has been shown to be ~95% reliable in
predicting relative deamidation rates of Asn residues within a
single protein, and it is also useful for the prediction of absolute
deamidation rates. It has been used to estimate the deamidation
rates of 1,371 asparaginyl residues in 126 human proteins (16).

This semiempirical method for estimating deamidation rates
(15) depends, however, upon manual observations of a set of 3D
characteristics of the protein structure near each amide residue
in the protein. These observations are laborious and subject to
human error. In using this method, approximately 4 h of work by
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an experienced investigator with a computer-based 3D-structure
viewer is required to determine the deamidation rates of the
amides in a typical protein.

The computerized deamidation estimation method reported
herein automatically determines essentially the same 3D char-
acteristics as the manual method, with some significant refine-
ments. It is, however, much faster, more reliable, and more
convenient. During 4 h of continuous computation with a
Pentium IV computer, the deamidation rates for the entire
Brookhaven 3D protein database of 13,335 amide-containing
protein structures with 170,014 asparaginyl residues have been
calculated by this technique. These estimated deamidation rates,
which include all amide-containing protein structures in the
Brookhaven Protein Data Bank as of April 2001, have been
deposited at www.deamidation.org. The computer program is
also freely available at this Internet site, so investigators can
compute these values for additional proteins.

These calculations provide new insights into the nature of
protein deamidation. Moreover, this new method contains sub-
routines for automatic refinement of the calculation procedure
as new experimental deamidation rates become available and
also allows automatic calculation of additional estimated protein
deamidation rates as new 3D structures are determined.

Materials and Methods

Calculation Method. Deamidation coefficients (Cp) for individual
amides and deamidation indexes (Ip) for individual proteins
were determined by a fully computerized procedure similar to
the manual technique reported (15). Some parts of the calcu-
lation method were refined, and all of the adjustable parameters
were automatically optimized. The computer program was writ-
ten with Microsoft C++. The program uses Swiss Protein Data
Bank Viewer to detect «-helices and B-sheets. The calculations
were made by means of a Pentium IV computer with Microsoft
WINDOWS 2000.

The deamidation coefficient, Cp, is defined as Cp = (0.01)
(t12)[ef(Cm-C5n5m where 1y, is the primary structure half-life
(10, 14), Cy is a structure proportionality factor, Cg, is the 3D
structure coefficient for the nth structure observation, S, is that
observation, and f(Cm,CSn,Sn) = Cm[(C31)(Sl) + (Csz)(Sg) +
(Cs3)(83) — (Csasys)/(Ss) + (Cs6)(Se) + (Cs7)(S7) + (Css)(Ss)
+ (Cso)(So) + (Cs10)(1 — Si0) + (Cs11)(5 — S11) + (Cs2)(5 —
S12)]. The structure observations, S,, are those that impede
deamidation, including hydrogen bonds, a-helices, 8-sheets, and
peptide inflexibilities.

For Asn in an a-helical region:

S; = distance in residues inside the a-helix from the NH, end,
where S; = 1 designates the end residue in the helix, 2 is the
second residue, and 3 is the third residue. If the position is 4 or
greater, Sy = 0.

S, = distance in residues inside the a-helix from the COOH
end, where Sy = 1 designates the end residue in the helix, 2 is the

Abbreviations: 3D, three dimensional; Ip, deamidation index; Cp, deamidation coefficient;
Dp, deamidation resolving power.
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second residue, and 3 is the third residue. If the position is 4 or
greater or Sy # 0, then S; = 0.

Sz = 1if Asn is designated as compietely inside the a-helix
because it is 4 or more residues from both ends. If the Asn is
completely inside, S5 = 1,81 =0,and S, = 0. If S; # 0 or Sy #
0, then S3 = 0.

For flexibility of a loop including Asn between two adjacent
anti-parallel g-sheets:

S4 = number of residues in the loop. If the flexible region is
not bounded on both sides by B-sheets with at least four
hydrogen bonds between opposite NH and C=0Q groups, then
this parameter is not used, so S4 = 0.

Ss = number of hydrogen bonds in the flexible region + 1.

For hydrogen bonds:

Se = the number of hydrogen bonds to the Asn sidechain C=0
group. Acceptable values are 0, 1, and 2. Hydrogen bonds-that
are used in Sg are not counted.

S7 = the number of hydrogen bonds to the Asn sidechain NH,
group. Acceptable values are 0, 1, and 2.

Ss = the number of hydrogen bonds to the backbone N in the
peptide bond on the COOH side of Asn. Acceptable values are
0 and 1. This nitrogen is used in the five-membered succinimide
ring intermediate.

S¢ = the number of other hydrogen bonds that need to be
broken to form the succinimide ring. The number of these bonds
is estimated by first determining the angle through which the
amide residue bond between the « carbon and.the backbone
carbonyl carbon would need to be rotated to align the backbone
in the optimum configuration for forming the succinimide ring.
This angle is then divided by 180° to give a number R between

0 and 1, where 0 is perfectly aligned and 1 is the worst alignment, __

requiring the greatest change in backbone position.

Residues that require greater chain movement to deamidate
usually must break hydrogen bonds farther from the amide
residue, so all hydrogen bonds are counted that are less than
(R)(Cr) from the C, of the amide residue to either hydrogen
bond atom and that are no more than five residues along the
chain from the amide. The value of Cx was optimized at 4.97 A.
Hydrogen bonds that are counted in S¢, S5, or Sg are excluded
from So.

For Asn situated so that no a-helix, -sheet, or disulfide bridge
structure is between the Asn and the end of the peptide chain,
and the Asn is 20 residues or less from the chain end:

S10 = 1 if the number of residues between the Asn and the
nearest such structure is 3 or more. If the number of intervening
residues is 2, 1, or 0, or if the Asn is not between a structure and
the chain end, then S1o = 0. This parameter accounts for extra
flexibility of the protein chain near the end. It is assumed that,
in addition to the factors specifically included in these S,
residues in the middle of proteins are additionally restrained, and
that this part of the restraint is removed for amides near the end
of the chain.

If the Asn lies near in sequence to any a-helix, B-sheet, or
disulfide bridge structures:

S11 = the number of residues between the Asn and the
structure on the NHo side, up to a maximum of 5. Values of 0,
1,2, 3,4, and 5 are acceptable.

Si» = ‘the number of residues between the Asn and the
structure on the COOH side, up to a maximum of 5. Values of
0,1, 2, 3,4, and 5 are acceptable.

Hydrogen bonds between the usual atoms were assumed if the
bond length was 4.1 A or less, and the angle of the hydrogen bond
was no more than 180° greater than the optimum nor 55° less
than the optimum. This 4.1 A value was determined by optimi-
zation and is greater than normally accepted for a hydrogen
bond. The extra length may be caused by hydrogen-bond inter-
actions that occur at different times because of flexibility in the

5284 | www.pnas.org/cgi/doi/10.1073/pnas.082102799

protein. In most cases, the protein backbone must move to some
extent to form the succinimide ring. If hydrogen bonds were
assigned beyond the space available to accommodate the van der
Waals radius of all of the hydrogen atoms, then the surplus bonds
were rejected. For these rejections, the longest bonds with the
most strained angles were removed.

X-ray crystal structures do not usually give hydrogen atom
positions. For consistency, therefore, the hydrogen atom coordi-
nates in NMR and neutron diffraction structures were not used.

The presence of hydrogen atoms was assumed wherever
hydrogen atoms are ordinarily found in protein structures. In
some cases, particularly -OH and ~NH; groups, the orientation
of the hydrogen atoms is uncertain. It was assumed that they
would be positioned, where possible, to form the best hydrogen
bonds.

The number of hydrogen atoms and donor groups available
limits the number of hydrogen bonds. For example, an ~-OH
group cannot have more than one hydrogen bond with atoms
that are only hydrogen-bond acceptors. In cases where more than
one donor or acceptor was available for forming a particular
hydrogen bond, the one with the best characteristics was chosen.
This choice involved a compromise between the optimum bond
angle and optimum bond length,

All primary structure t, values used were those published (10,
14), except for sequences that have not been experimentally
measured. Those included Asn with carboxyl-side Pro, Asn, Gln,
or residues that are not among the ordinary 20, Asn without a
free amide as a result of binding to metals or other moieties, and
other unusual sequences. Estimates of t,, values for these were
approximated from those measured (10, 14).

- ~The approximated values were: Asn-Pro, 500; Asn-Hyp, 500;

Asn-Asn, 40; Asn-Gln, 60; bound Asn, 500; Asn-Xxx, where Xxx
is carboxyl terminal, 1/2 of pentapeptide value; Yyy-Asn-Xxx,
where Yyy is not one of the ordinary 20 amino acid residues but
is instead Mse, Ini, Llp, Pca, Cgu, Tyq, Tyy, Tpq, Cea, or Cme,
mean value for the ordinary amino acids at Yyy (10); Yyy-Asn-
Xxx, where Xxx is Tyq, Tyy, or Tpq, same value as for Tyr; Xxx
is Cea or Cme, same value as for Cys; where Xxx is Ini, same
value as for Arg; Asn as carboxylamide terminal, 40; Asn as
carboxyl terminal, 500; Asn as amino terminal, 2/3 pentapeptide
values; and Xxx-Asn-Mse, 4/3 Met value.

Structures for 22 proteins from the Brookhaven Protein Data
Bank combined with their relative Asn instabilities (15, 16) were
used in the optimization of the coefficients Cy, and Cs,. These
structures included all of the Asn residues in rabbit aldolase
chain A, 1ADO; human angiogenin chain A, 1B1I; pig c-amp-
dependent protein kinase chain A and chain I, 1CDK; mouse
epidermal growth factor, 1EGF; rat fatty acid binding protein,
1LFO; human fibroblast growth factor chain A, 2AFG; Aspergil-
lus awamorii glucoamylase, 3GLY; human growth hormone,
IHGU; 1HGU; Escherichia coli hpr-phosphocarrier protein,
1HDN; human insulin chain A and chain B, 2HIU; mouse
interleukin 1B, 2MIB; chicken lysozyme chain A, 1ESL; bovine
ribonuclease A chain A, 1AFK; Ustilago sphaerogena ribonucle-
ase U2, IRTU; bovine seminal ribonuclease chain A, 11BG;
human thioltransferase, 1JHB; human triosephosphate isomer-
ase chain A, 1HTI; bovine trypsin, IMTW; bovine DNase chain
A, 2DNJ; and human vascular endothelial growth factor chain A,
2VPF. Horse heart cytochrome ¢ (2GIW) was used, except for
Lys-Asn 54-Lys, which is reported to be accelerated by a 3D
structure change caused by an earlier single deamidation (11,
12). No 3D structure is available for this singly deamidated form.
Human hypoxanthine guanine phosphoribosyltransferase chain
A (1BZY) was used except for Lys-Asn 106 Asp, which is held
by 3D structure in exact position for the succinimide interme-
diate in the deamidation reaction and is, therefore, accelerated.
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The coefficients Cy, and Cg, were optimized by means of the
deamidation resolving power (Dp) method (15, 17). The opti-
mized values were C,, = 0.48, Cs; = 1.0, Cs> = 3.1, Cs3 = 10,
Cs_;,;'. = 1.5, C_g;, =), Cs‘: = 0.5, Css = 3.2, Csu =1.9, CS]U = 2.0,
Csyy = 0.26, and Cs;» = 0.62. The Dp was found to be 96.5%.

The protein deamidation index is defined as Ip =
[Z(Cpn) '], where Cp, is Cp for the nith Asn residue. There-
fore, (100)(Ip) is an estimate of the initial deamidation halftime
for the protein with all Asn residues considered.

The coefficients of deamidation, Cp,, and deamidation index,
Ip. for each protein were calculated by means of computer
programs that are available for use at www.deamidation.org.
These can be used for any new protein in the following way.

Primary sequence data for the protein in the format of the
“SEQRES” section of the Brookhaven Protein Data Bank and
3D data—including the x. y, and z coordinates for each atom—in
the format of the “ATOM” and “CONECT" sections of
Brookhaven Protein Data Bank are automatically computer-
entered into the program. No manual entry of data are required.
Note that if no coordinates are entered for the atoms of a
particular residue, it is assumed that this residue is unrestrained
and does not participate in a unique 3D structure, which can
modulate deamidation. After the data are entered, the computer
program calculates the Cp, and Ip values for the protein. The
program output includes these values and also the values of S,
for each amide residue, so that the investigator can know the
details about the calculation of Cp, for each amide.

This calculation method is conceptually general. The molec-
ular rearrangements necessary for formation of a cyclic deami-
dation intermediate are usually impeded by protein structure.
Those structural impediments have been parameterized, The
success of the method does not, however, prove the cyclic imide
reaction mechanism, because other mechanisms may be similarly
impeded.

Only relative deamidation rates, in the form of reports about
which amides have been observed to be deamidated in 22
proteins under a wide variety of conditions, have been used to
calibrate the method by optimizing the coefficients, C, and Cs,,.
No rate measurements were used for the optimization. Rate of
deamidation measurements in 13 proteins at 37°C were used only
to test and verify the method (16). Nine of these 13 proteins are
in the set of 22 coefficient calibration proteins, and 4 are not.

At no time in its development was this calculation method
adapted to any specific aspect of the structures of these 26
individual proteins. The method fails, therefore, for Asn-106 of
human hypoxanthine guanine phosphoribosyltransferase chain
A, which is a rare example in which deamidation is actually
accelerated by 3-D structure. In this case, Asn-106 is held by 3-D
structure in exactly the correct position for the deamidation
reaction, so the reaction is enhanced. Although a term could be
added to the calculation method to allow for this, it would detract
from the generality of the method, and Asn-106 is the only case
of this type presently known.

Results and Discussion

The most important results of this work are in the estimated
deamidation rates of individual proteins. These calculations
provide reliable estimates of instability with respect to deami-
dation for the Asn residues in all of the amide-containing
proteins in the Brookhaven protein 3D structure database and
are casily performed for any other protein for which a 3D
structure becomes available.

In addition, these calculations provide some general insights
about deamidation and its prevalence in proteins, as illustrated
in Fig. 1, Fig. 2, Fig. 3, Table 1, and Table 2.

These estimated deamidation rates depend upon peptide rates
that were experimentally determined in pH 7.4, 37°C, 0.15 M
Tris:HCI buffer and upon calculations that estimate the relative
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Fig. 1.  (a) Cumulative distribution function of the calculated first-order rate
constants for deamidation of the 131,809 Asn residues in 10,369 proteins used
in Table 1. Asn residues involved in the initial deamidation of these proteins
are a relatively small part of the complete set. The computed percentage of
the Asn residues that are 1/10 deamidated after 10 days in pH 7.4, 37°C, 0.15
M Tris-HCl is 4%, as shown. (b) Differentiated values of the distribution
function in a showing the special class of unstable Asn residues present in
these proteins. Also shown with a red line is a Gaussian function that fits the
distribution function, except for that part arising from the especially unstable
Asn residues. The shaded area contains those Asn residues computed to be
1/10 or more deamidated in 10 days in pH 7.4, 37°C, 0.15 M Tris-HCl.

contributions of primary and 3D structure. Thercfore, the
estimated deamidation rates are for pH 7.4, 37°C, 0.15 M
Tris-HCl buffer. These baseline solution conditions were chosen
because Tris catalyzes deamidation to a much lesser extent than
most other buffers. Phosphate buffers and the solute mixtures
typically found in living things usually increase deamidation rates
at least two or three-fold as compared with those in Tris (16).
The deamidation halftimes shown in Figs. 1 and 2 are, thus,
longer than those expected in living things at 37°C.

Fig. la shows the cumulative distribution function of the
estimated first-order deamidation rate constants in 131,809
asparaginyl residues in 10.369 proteins, whereas Fig. 1h shows
the derivative of the function in la, with the unusually unstable
amides illustrated. For these figures, 2,966 redundant protein
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Fig. 2. Percentage of deamidating amides of the 131,809 Asn residues in

10,369 proteins used in Table 1 vs. deamidation half-time for Asn-Gly se-
quences; Asn-His, Asn-Ser, and Asn-Ala sequences; all sequences other than
Asn-Gly, Asn-His, Asn-Ser, Asn-Ala, Asn-Leu, Asn-Val, and Asn-lle; and Asn-
Leu, Asn-Val, and Asn-lle sequences. As deamidation halftime increases, more
sequences contribute to deamidation. Except for a small number of especially
sterically unhindered Asn residues, these deamidation halftimes strongly
depend upon primary and 3D structures. These values are estimated for pH7.4,
37°C, 0.15 M Tris-HCl and would be faster in vivo at 37°C,

structures in the Brookhaven Protein Data Base have been
excluded. These curves and those for human proteins (16) are
qualitatively and quantitatively similar. In the course of this
work, these functions also have been calculated for mouse, rat,
chicken, Bacillus sublilis, and Escherichia coli proteins. Although
notidentical, these distributions are all quite similar, with mouse,
B. subilis, and E. coli having somewhat higher numbers of
unstable amides in their proteins as compared with human, rat,
and chicken.

As has been reported for human proteins (16), deamidation is
not a random consequence of the presence of Asn residues in
proteins. The fast deamidations summarized in Fig. 1 result from
a set of Asn residues with unusual primary and 3D structures,
which comprise about 5% of the total. These need not have been
incorporated in protein structures, because most individual Asn
deamidation rates are slower.

Whereas both the amino side and carboxyl side residucs
immediately adjacent to the amide residues affect deamidation
rates. the carboxyl side residue is more important (10). Asn
deamidation at neutral pH has been reported to proceed pri-
marily by means of a succinimide mechanism, which involves an
intermediate ring structure on the carboxyl side of the deami-
dating residue (18-20). Fig. 2 illustrates the relative importance
of the different carboxyl side residues as a function of protein
deamidation halftime. Although there are rare reported in-
stances of 3D structures that increase deamidation rates, most
rates are determined by primary structure as modulated through
slowing by 3D structure. Therefore, only Asn-Gly sequences in
locations that are relatively sterically unhindered provide Tris
deamidation halftimes of less than about 6 days. Most Asn-Gly
sequences have longer halftimes because of 3D effects.
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Fig.3. Deamidation resolving power, Dy, vs. 3D structure coefficient G, for
182 Asn residues in 22 proteins. The optimum value of C,,, = 0.48 provides the
most reliable estimated relative deamidation rates as compared with the
experimental values for these proteins.

Primary structure deamidation rates in Tris for Asn-His,
Asn-Ser, and Asn-Ala peptide sequences range from 6 to 32 days
(10, 14), so these sequences and additional, more hindered
Asn-Gly scquences dominate this deamidation halftime range
and that immediately higher, Within 100-day halftimes, all other
sequences except for Asn-Leu, Asn-Val, Asn-Tle, and Asn-Pro
significantly contribute. The estimated deamidation halftimes
between 100 and 10,000 days are qualitatively and semiquanti-
tatively useful, but these rates lack the direct experimental
verification available for the shorter halftimes (16). Other pro-
cesses such as additional deamidation mechanisms, side chain
oxidation, peptide bond cleavage, and racemization also become
more important at the longer time intervals. These deamidation

Table 1. Percentages of residues and proteins in asparagine
deamidation ranges

Amides, Amides, Proteins,
Timer cumulative no. % %
Tris 1/2 time, days
<1 20 0.02 0.19
<2.5 162 0.12 1.5
<5 473 0.36 3.7
<10 695 0.53 5.6
<25 1659 1.3 13
<50 3591 2.7 25
<100 7080 5.4 a1
Phos. 1/10 time, days
<1 538 0.41 43
<2.5 1101 0.84 8.8
<5 2208 1.7 17
<10 5029 3.8 32
<25 10798 8.2 52
<50 16340 12 64
<100 23652 18 75
Robinson



Table 2. Percentages of carboxyl side residues in asparagine
deamidation ranges

%, %, %, %,
Residue <5days <10days <25days -<100days
Tris 1/2 time
Gly 4.2 6.0 11 38
His 0.46 2.4 7.7
Ser 0.19 2.3 9.8
Ala 13 5.6
Cys 0.23 1.1
Thr 0.10 2.0
Asp 0.060 4.8
Lys 0.014 1.8
Glu 3.0
Gln 1.7
Arg 1.6
Asn 1.5
Phe 1.1
Met 0.93
Tyr 0.89
Trp 0.37
Leu 0.33
Phosphate 1/10 time
Gly 14 27 53 87.3
His 3.6 5.9 12 33.2
Ser 2.9 8.1 14 34.6
Ala 1.9 4.2 7.2 17.9
Cys 0.23 0.84 2.6 7.3
Thr 0.14 1.5 4.2 12.3
Asp 0.93 1.9 6.8 19.0
Lys 0.071 1.2 4.4 10.4
Glu 0.057 1.6 5.3 131
Gln 0.041 14 3.9 10.1
Arg 0.035 1.0 3.4 9.4
Asn 0.15 1.4 5.0 13.5
Phe 0.46 23 7.3
Met 0.036 0.75 2.4 5.4
Tyr 0.038 0.36 1.2 5.4
Trp 0.16 0.74 5.0
Leu 0.26 1.3 5.4
Val 0.01 2.80
lle 0.013 1.3

halftimes are likely to be at least 2- to 3-fold shorter in biological
systems at 37°C (16).

Each of the curves in Fig. 2 contains a subgroup of amides that
are close to the ends of the proteins. These subgroups arise from
Asn sequences with relatively short deamidation halftimes, as a
result of their positions near the ends of protein chains, where
they are largely free of constraining 3D effects. The Asn residues
that have been reported to control the turnovers of rat cyto-
chrome ¢ (11, 12) and rabbit muscle aldolase (13) are of this type.
In both of these cases, there is marked preferential in vivo
degradation of the deamidated protein molecules. Because the
estimated range of Asn deamidation halftimes available in these
subgroups is between 0.2 days and more than 200 days under
most in vivo conditions at 37°C, and they are free of 3D
constraints, this type of Asn residue is especially well suited for
biological purposes.

Fig. 3 illustrates, by means of the parameter Cp, the optimi-
zation routines that were used for all of the parameters in these
calculations. By using the deamidation resolving power tech-
nique (15, 17), all suitable and published experimental relative
deamidation observations of proteins are used to optimize each
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adjustable 3D parameter. The relative proportions of primary
and 3D structure effects are determined by optimization of the
iltustrated parameter Cy, as shown in Fig. 3. At the optimum
value of Cp = 0.48, the experimental deamidation rates are
96.5% correctly ordered by the calculations. The remaining 4%
of disorder includes amides wherein the inhibitory effects of 3D
structure are imperfectly estimated by this calculation method
and those where the experiments themselves are in error.
Moreover, most of the deamidation rates of the imperfectly
ordered 4% of Asn residues are estimated approximately
correctly.

Optimization of the deamidation resolving power at 96.5%
requires both primary and 3D structure. When primary structure
alone is used, D, = 79.8%. With 3D structure alone, D, =
64.3%.

Table 1 shows the percentages of 121,800 asparaginy! residnes
in 10,369 proteins with 37°C Tris buffer and phosphate buffer
deamidation halftimes in various ranges and the percentages of
proteins with at least one amide with a deamidation halftime
within those ranges. Phosphate is a stronger catalyst of deami-
dation than is Tris (6, 7, 16, 21). The phosphate deamidation
halftimes are estimated for Table 1 as 1/2 the Tris halftimes (16).
Under in vivo conditions at 37°C, deamidation halftimes would
be expected to be, on average, even shorter than those estimated
in Table 1 for phosphate (16). As shown, about 17% of all
proteins are estimated to have at least one amide thatis 1/10 or
more deamidated after 5 days in phosphate at 37°C. Approxi-
mately 4.3% are 1/10 or more deamidated after 1 day. At 37°C
in vivo, these percentages are expected to be higher (16).
Accelerated protein turnover of deamidated forms and other
factors can obscure the observation of these deamidations in
ordinary experiments on protein preparations extracted from
living things.

Table 2 provides quantitative summaries for 131,809 specific
Asn-Xxx sequences. For example, Table 2 shows that 12% of all
Asn-His sequences are estimated to be at least 1/10th deami-
dated after 25 days in 37°C phosphate buffer. In addition to these
values, Table 2 also illustrates that it is not possible to usefully
determine the relative deamidation rates of specific amides
within a protein on the basis of primary sequence alone.
Whereas the effects of primary sequence are evident, even in the
simplest case of Asn-Gly, most deamidation halftimes are sub-
stantially determined by a combination of primary and 3D
structure.

The calculations reported herein include only Asn residue
deamidation. The rates of deamidation of glutaminyl residue,
Gln, containing pentapeptides have recently been determined
for a set of 60 Gln peptides with a representative range of
sequences (N.E.R. & A. B. Robinson, unpublished work). Gln
deamidation, like Asn deamidation, depends strongly upon the
residue on the carboxyl side of the amide, with Gln-Gly being the
fastest to deamidate. Deamidation halftimes for GIn-Gly se-
quences in pH 7.4, 37°C, 0.15 M Tris'HCl buffer are in the range
of 400-600 days (N.E.R. & A. B. Robinson, unpublished work).
The values for other sequences are substantially longer. Amino
terminal Gln is, however, expected to deamidate more rapidly to
the pyrrolidone. Gln residues do not, therefore, significantly
affect most of the deamidation index calculations reported
herein. As with Asn, Gln deamidation is accelerated by phos-
phate buffer (5, 6).

Gln deamidations over periods of many years in vivo in
slow-turnover proteins of long-lived organisms such as human
eye lens proteins (22) can be of substantial biological signifi-
cance. GIn-Gly sequences in sterically unhindered locations of
proteins that lack shorter-lived Asn residues also affect the
deamidation index. Where buffer ion or other deamidation
catalysts are present, Gln deamidation can be more significant.
Deamidation is currently being experimentally studied in many
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proteins under in vivo and in vitro circumstances. For examples,
see refs. 21-25.

Conclusions

Experimental (10, 14) and semiempirical computational (15, 16)
advances have made possible reliable estimates of the deamida-
tion rates of asparaginyl residues in proteins under biologically
relevant conditions. These estimates, which require knowledge
of the 3D structure of each molecule, are in accord with the
known in vivo and in vitro experimental data and have been
previously applied to 126 proteins of human origin (16).

It is reported herein that this method for estimating deami-
dation rates (15) has been fully computerized, further refined,
and completely applied to the entire 170,014 Asn residues of the
13,335 amide-containing protein structures in the Brookhaven
Protein Data Bank of 3D structures.as of April 2001. These
computed deamidation rates are available on the Internet at
www.deamidation.org.

These calculation procedures make possible further refine-
ments in the adjustable parameters, as more experimental data
becomes available. Fully automatic deamidation estimates for
additional proteins also may be made, as their 3D structures are
determined. With the computer programs now freely available
on the Internet at www.deamidation.org, an investigator can
automatically enter the standard sequence and 3D parameters
for any protein and calculate the deamidation coefficients and
deamidation index for that protein.

The estimated deamidation rates apply directly to pH 7.4,
37°C, 0.15 M TrissHCl buffer. Deamidation proceeds at a
minimal rate under these conditions. There are no reported
experimental deamidation rates at 37°C that are not the same as
or faster than these computed Tris rates (16). The range of
reported experimental values at 37°C is between the Tris rates
and about 3-fold faster, depending upon solvent conditions. The
average is about 2-fold faster.

The computed rates show that significant amounts of deami-
dation may be expected to occur in a substantial percentage of
proteins under physiological conditions. Deamidation can con-
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trol in vivo protein turnover. This result was found to be the case
in cytochrome ¢ (11, 12) and in rabbit muscle aldolase (13,
26, 27).

Many other biological processes such as homeostasis, devel-
opment, and aging require timers, which are, as yet, unknown.
Because protein deamidation rates can be genetically pro-
grammed throughout the range from a few hours to hundreds of
years, and the deamidation rates found in proteins include many
that are within the biologically significant range, deamidation is
a good candidate for the timing of many biological processes.

Deamidation also provides a means of producing postsynthetic
varieties of proteins that are biologically useful and of timing
their release into in vivo systems.

Moreover, intermoiecular effects resulting from in vivo pro-
tein locations such as in aggregates, membranes, and other
organelles can further enhance the versatility exhibited herein in
the intramolecular control of deamidation. A possible example
of this has been reported for cytochrome ¢ (6, 12).

Proteins contain amide residue clocks. These residues are
found in almost all proteins, and amide residue clocks are found
to be set to timed intervals of biological importance, even though
settings to longer times are not only available, but also make up
most of the genetically available settings. Deamidation changes
protein structures in fundamentally important ways. If deami-
dation were not of pervasive and positive biological importance,
these clocks would have been set to time intervals that are long
with respect to the lifetimes of living things. The fact that they
are found to be set instead to biologically relevant time intervals
strongly supports the original hypothesis (2, 4, 6, 7, 9, 10) that
amides play, through deamidation, a special biologically impor-
tant role.
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Deamidation of asparaginyl and glutaminyl residues causes time-
dependent changes in charge and conformation of peptides and
proteins. Quantitative and experimentally verified predictive cal-
culations of the deamidation rates of 1,371 asparaginyl residues in
a representative collection of 126 human proteins have been
performed. These rates suggest that deamidation is a biologically
relevant phenomenon in a remarkably large percentage of human
proteins.

in vivo deamidation | asparaginyl! residues

amidation of asparaginyl (Asn) and glutaminyl (Gln)
residues to produce aspartyl (Asp) and glutamyl (Glu)
residues causes structurally and biologically important alter-
ations in peptide and protein structures. At neutral pH, deami-
dation introduces a negative charge at the reaction site and can
also lead to structural isomerization. Early work established that
deamidation occurs in vitro and in vivo, and that the rates of
deamidation depend on primary sequence, three-dimensional
(3D) structure, pH, temperature, ionic strength, buffer ions, and
other solution properties (1-11). It has been hypothesized (3, 5,
7, 12, 13) that Asn and Gln may serve, through deamidation, as
molecular clocks which time biological processes such as protein
turnover, homeostatic control, and organismic development and
aging, as well as mediators of postsynthetic production of new
proteins of unique biological value.

Deamidation has been observed and characterized in a wide
variety of proteins. It has been shown to regulate some time-
dependent biological processes (8, 9) and to correlate with
others, such as development and aging. There are many reports
of deamidation under physiological conditions in proteins of
biological significance. For examples, see refs. 14-18.

Extensive evidence suggests that deamidation of Asn at neu-
tral pH usually proceeds through a cyclic imide reaction mech-
anism (19-21). Sometimes the Asp produced by deamidation is
isomerized to isoAsp. The in vivo reversal of this isomerization
has been widely reported, but reversal of deamidation itself and
of the introduced negative charge has not been observed.

Deamidation rates depend on the amino acid residues near
Asn and Gln in the peptide chain with sequence-determined
deamidation half-times at neutral pHs and 37°C in the range of
1-500 days for Asn and 100—>5,000 days for Gln (7, 13).

Sequence-determined Asn and Gin deamidation rates are
modulated by peptide and protein 3D structures. Deamidation
of peptides is observed at both Asn and Gln, largely in accor-
dance with sequence-controlled rates. Deamidation of proteins,
which is usually slowed by 3D structure, occurs primarily at Asn
except in very long-lived proteins where Gln deamidation is also
observed. In a few instances, 3D structure has been reported to
increase deamidation rate.

The deamidation rates of individual Asn residues in a protein
can be reliably predicted as a result of two recent advances. First,
the sequence-controlled Asn deamidation rates of most of the
400 possible near-neighbor combinations in pentapeptide mod-
els have been measured (13), and the relevance of this rate
library has been established (22). Second, these rates and the 3D
structures of proteins with well characterized deamidations have
been combined to produce a computation method that correctly
predicts the deamidation rates of most Asn residues for which the

www.pnas.org/cgi/doi/10.1073/pnas.221463198

3D structure is known (23). This method is more than 95%
reliable in predicting relative deamidation rates of Asn residues
within a single protein and is also useful for the prediction of
absolute deamidation rates.

It is, therefore, now possible to compute the expected deami-
dation rate of any protein for which the primary and 3D
structures are known, except for verv long-lived proteins. These
proteins require measurement of the 400 Gin pentapeptide rates.

Materials and Methods

Calculation Method. The Brookhaven Protein Data Bank (PDB)
was searched to select 126 human proteins of general biochem-
ical interest and of known 3D structure without bias toward any
known data about their deamidation, except for 13 proteins (as
noted in Table 1) where deamidation has been measured.

The deamidation half-time of each of the 126 proteins was
obtained by first computing the deamidation coefficients (Cp) of
each Asn and then combining these values into the deamidation
index (Ip) by the methods reported (23).

The deamidation coefficient, Cp, is defined as Cp =
(0.01)(t12)(e"CnCsw5n)), where ty,5 is the pentapeptide primary
structure half-life (13), Cyy, is a structure proportionality factor,
Cs, is the 3D structure coefficient for the nth structure obser-
vation, S, is that observation, and f (Cy,Cs,,S,) = Crl(Cs,)(S1)
+ (Cs)(S82) + (Cs)(83) — (Cs,)(Sa)/(S5) + (Cs)(Se) +
(Cs)(57) + (C5)(S5) + (C5)(S9) + (Cs,)(1 — Sio) + (Cs,)(5 —
S11) + (Cs,)(5 — S12)]. The structure observations, S, are those
that impede deamidation, including hydrogen bonds, a-helices,
B-sheets, and peptide inflexibilities.

For Asn in an o-helical region:

§1 = distance in residues inside the a-helix from the NH, end,
where $; = 1 designates the end residue in the helix, 2 is
the second residue, and 3 is the third. If the position is 4 or
greater, 1 = 0.

S, = distance in residues inside the a-helix from the COOH end,
where S1 = 1 designates the end residue in the helix, 2 is
the second residue, and 3 is the third. If the position is 4 or
greater or 1 # 0, then S = 0.

S3 =1 if Asn is designated as completely inside the a-helix
because it is 4 or more residues from both ends. If the Asn
is completely inside, S3 = 1,51 =0,and S, = 0. If §; # 0
or S, # 0, then §5 = 0.

For flexibility of a loop including Asn between two adjacent
antiparallel B-sheets:

S4 = number of residues in the loop.
S5 = number of hydrogen bonds in the loop. S5 = 1 by definition.

For hydrogen bonds:

Se = the number of hydrogen bonds to the Asn side chain C=0
group. Acceptable values are 0, 1, and 2.

Abbreviation: 3D, three-dimensional.
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Table 1. Computed deamidation half-times for 126 human proteins in pH 7.4, 37°C, 0.15 M Tris-HCl buffer

1/2 Life, 1/10 Life, 1/2 Life, 1/10 Life,
Protein days days Protein days days
Uracil-DNA glycosylase (1LAU) 1.0 0.15 Proinsulin (1EFE) 110 17
Uroporphyrinogen decarboxylase (1URO) 1.0 0.15 Mitogen-activated protein kinase P38 (1WF(C) 110 17
Transaldolase (1F05) 1.4 0.21 Glutathione reductase (1BWC) 120 18
Urokinase-type plasminogen activator (1LMW) 1.7 0.26 Ribonuclease 4 (1RNF) 130 20
Purine nucleoside phosphorylase (1ULA) 1.8 0.27 Aldose reductase (1EL3) 130 20
Growth hormone receptor (1A22) 24 0.36 a-Lactalbumin (1B20) 130 20
Peptidyl-prolyl cis-trans isomerase (1F8A) 2.4 0.36 Ornithine transcarbamoylase (10TH) 130 20
Thymidylate synthase (1HW3) 2.7 0.41 Malic enzyme (1EFK) 140 21
Procathepsin B (3PBH) 2.9 0.44 Glucose-6-phosphate 1-dehydrogenase (1QK1) 140 21
p-Glyceraldehyde-3-phosphate dehydrogenase (3GPD) 4.2 0.64 Procarboxypeptidase A2 (1AYE) 150 23
Karyopherin 82 (1QBK) 5.3 0.81 Apoptosis regulator bax (1F16) 170 26
Glutathione S-transferase (12GS) 5.3 0.81 Ornithine decerboxylase (1D7K) 170 26
N-acetylgalactosamine-4-sulfatase (1FSU) 6.1 0.93 UDP-galactose 4-epimerase (1EK6) 180 27
Fructose bisphosphate aldolase (4ALD) 7.6 1.2 Stem cell factor (1EXZ)* 180 27
Intestinal fatty acid binding protein (3IFB) 7.6 1.2 Hypoxanthine guanine phosphoribosyltransferase (1BZY)* 180 27
Cyclophilin A (1AWQ) 8.7 1.3 Electron transfer flavoprotein (1EFV) 190 29
Vascular endothelial growth factor (2VPF)* 10 1.5 Phenylalanine hydroxylase (1DMW) 220 33
Inositol monophosphatase (11IMB) 15 2.3 Annexin V (1ANX) 220 33
Pancreatic inhibitor variant 3 (1CGI) 16 2.4 Platelet factor 4-HPF4 (1RHP) 230 35
p-Glucose 6-phosphotransferase (1HKC) 16 2.4 Insulin (2HIU)* 260 40
Myeloperoxidase (1MHL) 16 2.4 Prethrombin2 (1HAG) 260 40
a-Chymotrypsinogen (1CGI) 16 2.4 Interleukin-4 (2CYK) 270 41
Lysophospholipase (1LCL) 16 2.4 interleukin-18 (211B) 280 43
Interleukin-16 (1116) 17 2.6 Neutrophil (gelatinase) (1DFV) 290 a4
C-AMP-dependent kinase A (1CMK) 19 2.9 O6-alkylguanine-DNA alkyltransferase (1EH6) 300 46
Pepsinogen (1HTR) 20 3.0 Glucosamine-6-phosphate deaminase isomerase (1D9T) 320 49
Angiogenin {(1A4Y)* 21 3.2 Quinone reductase type 2 (1QR2) 330 50
Fibroblast growth factor (2AFG)* 21 3.2 Nad(P)H dehydrogenase (1QBG) 350 53
Gastric lipase (1HLG) 21 3.2 Serum albumin (1E7G) 360 55
Calmodulin (1CTR) 21 3.2 Plasminogen activator inhibitor-1 (1C5G) 370 56
Bone morphogenetic protein 7 (1BMP) 21 3.2 T cell surface glycoprotein CD4 (1CDJ)* 380 58
Acetylcholinesterase (1F8U) 23 3.5 a-Thrombin (1A3E) 380 58
Retinol binding protein (1BRQ)* 24 3.6 Eosinophil cationic protein (1QMT) 430 65
Catalase (1QQW) 25 3.8 Ribonuclease inhibitor (1A4Y) 450 68
Dihydrofolate reductase (1DRF) 25 3.8 Transforming growth factor-g two (1KLA) 460 70
Interleukin-10 (2ILK) 25 3.8 Thioltransferase (1JHB)* 470 71
Farnesyltransferase (1EZF) 26 4.0 Profilin 1 (1FIL) 480 73
S-adenosylhomocysteine hydrolase (1A7A) 28 43 Lithostathine (1LIT) 490 74
Procathepsin K (1BY8) 28 43 Phosphatidylethanolamine binding protein (1BD9) 680 100
3-Methyladenine DNA glycosylase (1BNK) 35 5.3 Dihydroorotate dehydrogenase (1D3G) 720 110
Medium chain acyl-coa dehydrogenase (1EGE) 36 5.5 Quinone reductase (1D4A) 750 110
Homeobox protein PAX-6 (6PAX) 39 5.9 Hemoglobin (1A3N)* 780 120
a’l-Antitrypsin (1QLP) 40 6.1 Retinoic acid receptor (1BY4) 860 130
Carbonic anhydrase | (1HCB) 45 6.8 Psoriasin (1PSR) 890 140
GTP-binding protein (1DOA) 45 6.8 ADP-ribosylation factor 6 (1EQS) >1000 150
Ferritin (2FHA) 46 7.0 Lectin L-14-11 (1HLC) >1000 180
Procathepsin L (1CS8) 48 7.3 Nucleoside diphosphate kinase (1NUE) >1000 210
Growth hormone (1HGU)* 51 7.8 L-3-Hydroxyacyl-CoA dehydrogenase (1FQY) >1000 230
Triose phosphate isomerase (1HT!)* 52 7.9 Interleukin 2 (3INK)* >1000 230
Interleukin-6 (11L6) 56 8.5 Transthyretin (1DVQ) >1000 290
DNA polymerase 8 (1BPX) 58 8.8 Single-stranded DNA binding protein (3ULL) >1000 290
Glutathione synthetase (2HGS) 58 8.8 Protein kinase C interacting protein 1 (1KPA) >1000 300
Fructose-1,6-bisphosphatase (1FTA) 59 9.0 GTPase ran (1QBK) >1000 380
CDK2 kinase (1BUH) 65 9.9 Annexin [II (1AXN) >1000 430
Ribonuclease A (1AFK) 66 10 Fk506-binding protein {1D6Q) >1000 710
Ap endonuclease (1BIX) 72 1 Interleukin-5 (THUL) >1000 760
Carbonic anhydrase IV (1ZNC) 72 " Heme oxygenase (1QQ8) >1000 780
Branched-chain a-keto acid dehydrogenase (1DTW) 81 12 Histone H2A.Z (1F66) >1000 >1000
Argininosuccinate lyase (1A0S) 83 13 Copper transport protein ATOX1 (1FEE) >1000 >1000
Creatine kinase (1QK1) 84 13 17 B-Hydroxysteroid dehydrogenase (1DHT) >1000 >1000
Carbonic anhydrase Ii (1BV3) 20 14 Myoglobin 2MM1) >1000 >1000
Interfeukin-8 (11L8) 95 14 Ubiquitin (1D32) >1000 >1000
Dihydropteridine reductase (1HDR}) 100 15 Granulocyte colony-stimulating factor (1RHG) >1000 >1000

The proteins were selected without regard to reported deamidation except for 13 proteins that were among those used to develop and test the calculation
method (23, 26-28) and are designated with an asterisk in the table.
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S7 = the number of hydrogen bonds to the Asn side chain NH;
group. Acceptable values are 0, 1, and 2.

Sy = the number of hydrogen bonds to the backbone N in the
peptide bond on the COOH side of Asn. Hydrogen bonds
counted in Sg or Sy are not included. Acceptable values are
0 and 1. This nitrogen is used in the five-membered
succinimide ring.

Sy = additional hydrogen bonds, not included in S¢, S+, and Sy,
that would need to be broken to form the succinimide ring.

For Asn situated so that no a-helix, B-sheet, or disulfide bridge
structure is between the Asn and the end of the peptide chain:

Sig = 1 if the number of residues between the Asn and the
nearest such structure is 3 or more. If the number of
intervening residues is 2, 1, or 0, or if the Asn is not
between structure and chain end, then §yp = 0,

If the Asn lies near to any a-helix, S-sheet, or disulfide bridge
structures:

8§11 = the number of residues between the Asn and the structure
on the NH: side, up to a maximum of 5. Values of 0, 1, 2,
3, 4, and 5 are acceptable.

851> = the number of residues between the Asn and the structure
on the COOH side, up to a maximum of 5. Values of 0, 1,
2, 3,4, and 5 are acceptable.

Hydrogen bonds are accepted if the bond length is 3.3 A or less
and there is room in the structure to accommodate the van der
Waals radius of the hydrogen. All primary structure 1, values
are those published (13), except for Asn with carboxyl-side Pro,
Asn, or Gln, and Asn without a free amide as a result of binding
to metals or other moieties. Estimated values of £y~ of 500, 40,
60, and 300 days are used for AsnPro, AsnAsn, AsnGln, and
bound Asn, respectively.

The coefficients Cy, and Cg, were optimized by means of the
Dp method (23-25) with an increased set of proteins (26-29). Dy
is a measure of the percentage accuracy in classifying the relative
deamidation rates of Asn residues in a set of proteins (23).
Proteins added to the original set (23) and their Protein Data
Bank numbers were bovine DNase T (2DNJ), human hirudin
(4HTC), bovine calmodulin (1A29), and human vascular endo-
thelial growth factor (ZVPF). Human T cell surface glycoprotein
CD4 (1CDJ) was omitted. The Asn 3D environments in all 31 of
the calibration proteins were examined and retabulated. These
31 proteins include all of the proteins suitable for this purpose
that we have found in the research literature.

The optimized values were Cy,, = 0.48, Cg; = 1.0, Cs; = 2.5,
C\'} = 10.0, C:gq__-g = ()5, (;S(; = 1.0, C.W = 10, C_\'S = 3U, C_g() =
2.0, Cs1p = 2.0, Csyy = 0.2, and Cgy> = 0.7. These values are
identical to those found in ref. 23. The deamidation resolving
power (Dp) was found to be 95.47%.

The protein deamidation index is defined as Ip = [X
(Cpa) ' 1, where Cp, is Cp for the nth Asn residue. Therefore,
(100)(Ip) is an estimate of the initial single-residue deamidation
half-time for the protein with all Asn residues considered.

Comparison of Calculated Rates with Experimental Rates

The Medline and Citation Index databases were searched for all
proteins in which the deamidation rates of identified Asn
residues have been reported for 37°C solutions with pH at or
near 7.4. Reports were found for a total of 10 individual Asn and
3 combinations of Asn residues in 10 different protein types (17,
18, 23, 29-35). These include 7 proteins that are in the human
set of 126 and 3 proteins from other species.

The names, Protein Data Bank numbers, Asn residue position,
and computed (100)(/p) values, respectively, for these proteins
are rabbit aldolase: 1ADQO, 360, 8.3: human vascular endothelial
growth factor: 2VPF, 10, 10; Escherichia coli Hpr-phosphocar-
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Fig. 1. Calculated single deamidation half-times for 10 individual Asn and 3
combinations of Asn residues in 10 different protein types vs. the correspond-
ing experimentally observed deamidation half-times (17, 18, 23, 29-35).
Experiments were in vitro in Tris and phosphate buffers and in vivo in human
blood. Buffer conditions in Tris and phosphate varied among these investi-
gations but were comparable to pH 7.4, 37°C, 0.15 M. Some of the scatter in
the figure is probably the result of these variations. If the calculated values and
experimental values wereidentical, the points would lie onthesolid black line,
as do the values determined in Tris buffers. Catalysis of deamidation is higher
by phosphate than by Tris and may be even higher in erythrocytes.

rier protein: 1HDN, 12-38, 89-22; human fibroblast growth
factor: 2AFG, 7, 64; human angiogenin: 1B11, All, 28; human
retinal binding protein: 1BRQ, All, 29; human growth hormone
(GH): THGU, All, 51: human triose phosphate isomerase: 1HTI,
71, 78; bovine ribonuclecase A: 1AFK, 67, 84; and human
hemoglobin: 1A3N. with Asn mutants at «50-880-B82,
47-190-184.

Fig. 1 compares the computed half-times for pH 7.4, 37°C, 0.15
M Tris'HCI buffer with the experimentally observed (17, 18,
29-35) values. The computed values compare favorably with the
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experimental values in Tris buffer. In phosphate buffer, the
experimental deamidation rates are, on average, 2-fold higher
than calculated, and the 3 in vivo human blood values average
3-fold higher. This result is entirely as expected because deami-
dation at neutral pH is subject to catalysis by solution ions. Tris
is a very mild catalyst of deamidation. Phosphate is a much
stronger catalyst of deamidation in peptides (6, 11) and proteins
(17) as compared with Tris. Tissue culture medium contains
components even more catalytic of deamidation than phosphate
(30). Least-squares lines as shown in Fig. 1 give experimental
deamidation rates relative to the computed values in Tris,
phosphate, and in vivo blood erythrocytes of 1.06, 2.07, and 3.01,
respectively.

The agreement between the calculated values and Tris exper-
imental values in Fig. 1 does not arise from computational
forcing. The computational method (23) uses experimental
sequence-determined pentapeptide deamidation rates in Tris
buffer and a parametric 3D structure function with adjustable
constants. The optimization method (23-23) for these constants
used only the ordered Asn residue instabilities in a wide variety
of proteins and buller types. No experimental absolute deami-
dation rates were used. The agreement arises because the
computational method correctly estimates the relative primary
and 3D contributions to the deamidation rate of each Asn, and
the primary rates were experimentally determined in Tris.

Results and Discussion

Averaged over all 1,371 Asn, the contributions to the deamida-
tion reaction activation energy from primary and 3D structures
are about equal, although they vary widely for individual Asn
residues. The average relative deamidation rates of Asn within
single proteins in this 126-protein set are 60% determined by
primary and 40% by 3D structure, which are the same propor-
tions found for a different 24-protein set (23). The cumulative
distribution function of the calculated first-order rate constants
for deamidation of the 1,371 Asn residues is shown in Fig. 2a.

The computed single deamidation half-times in pH 7.4, 37°C,
0.15 M Tris'HCI buffer for the 126 human proteins are shown in
Table 1. Table 2 summarizes, on the basis of Table 1, the extent
to which deamidation is expected to occur within this set of 126
proteins.

The percentages of deamidation in living tissues are probably
higher than shown in Tables 1 and 2. Physiological fluids contain
many inorganic, organic, and biochemical substances with de-
amidase activity. We know of no reported instance, in vivo or in
vitro, of an experimentally measured protein deamidation rate
that is slower than its computed Tris rate. All reported rates are
the same or faster. There are two instances of individual proteins
(13, 23) in which negative results for the detection of deamida-
tion in specific amides indicates that the rates, if measured, might
be slower than calculated.

This deamidation is not a random consequence of the pres-
ence ol Asn residues in proteins. The fast deamidations sum-
marized in Table 2 result from a set of Asn residues with unusual
primary and 3D structures, which comprise about 5% of the
total. As illustrated in Fig. 2, most individual Asn deamidation
rates are slower. Because a large number of similarly sized
partially independent factors determine Asn deamidation rates
in proteins. the distribution functions in Fig. 2 would be expected
to be Gaussian. Fig. 2b shows the deviation from Gaussian
caused by the unusual Asn residues.

Conclusions

The unstable Asn residues that give risc to the deamidation rates
shown in Tables 1 and 2 and Figs. 1 and 2 are apparently
preferred over the many stable Asn residues that could easily be
genetically specified. As shown in Fig. 2, most Asn residues are
far more stable. Moreover, even if it were not a result of
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Fig.2. (a) Cumulative distribution function of the calculated first-order rate
constants for deamidation of 1,371 Asn residues in 126 human proteins. As
indicated, the Asn residues involved in the initial deamidation of these pro-
teins comprise a relatively small part of the complete set. Computed percent-
ages of the Asn residues that are 1/10 deamidated at 1 and 10 days in Tris are
1% and 4%, respectively, as shown. If this deamidation were not of positive
biological value, more slowly deamidating sequences and 3D structures could
easily have been used. (b) Differentiated values of the distribution function in
ashowing thespecial class of unstable Asn residues present in human proteins.
Also shown is a Gaussian function that fits the distribution function except for
that part arising from the especially unstable Asn residues. The shaded area
contains those Asn residues computed to be one-tenth or more deamidated in
10 days in pH 7.4, 37°C, 0.15 M Tris*HCl. This shaded area for phosphate,
physiological fluids, or longer time intervals would be a larger part of the
illustrated deviation from Gaussian.

preference, this introduction of negative charges into protein
structures would do unacceptable biochemical damage unless it
was being used for compensating biological purposes.
Although postsynthetic deamidated proteins are often ob-
served in tissue extracts, their production can be obscured. For
example, the in vivo steady-state concentrations of the deami-
dated forms of cytochrome ¢ are much lower than expected

Robinson and Robinson



Table 2. Percentages of human proteins in Table 1 computed to be more than one-tenth or
one-half singly deamidated in Tris or phosphate buffer after 1, 5, 10, and 50 days

Days at 37°C

Proteins singly deamidated by >1/10

Proteins singly deamidated by >1/2

pH7.4 Tris Phosphate Tris Phosphate
1 10% 13% 1.6% 4%
5 31% 43% 8% 13%

10 43% 56% 13% 20%

50 71% 82% 37% 49%

A phosphate buffer correction of (2)(computed Tris rate) was applied to obtain the phosphate rate of each
protein. Percentages produced in physiological solutions may be even higher. Steady-state physiological per-

centages are lowered by protein turnover.

because they are preferentially degraded (7, 8). Those deami-
dated forms that are not degraded and; therefore, accumulate in
living tissues may have other unique biological purposes. Oth-
erwise, their accumulation would be disadvantageous.
Moreover, the deamidation rates in living tissues are change-
able. Through the production of enzymatic deamidases or the
control of other physiological parameters that affect the reaction
activation energy of deamidation, a living cell could easily
increase the overall deamidation rates of its proteins to adapt to
changes in physiological circumstances. Decrease of deamida-
tion rates to values below those in Tris summarized in Table 2,
however, would be difficult except in specialized structures.
Deamidation has been observed in the proteins of many other
organisms, too; thus, similar findings may be expected.
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In summary, reliable and experimentally verified predictive
calculations of the deamidation rates of 1,371 Asn residues in a
representative collection of 126 human proteins have been
carried out. The results of these calculations show that deami-
dation of human proteins under physiological conditions is so
extensive that it is probably of pervasive and fundamental
biological importance. Otherwise, the genetic code would spec-
ify stable Asn configurations. Likely uses of deamidation include
the timing of biological processes and the postsynthetic produc-
tion of uniquely useful proteins.
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Abstract: Solid-phase peptide synthesis and deamidation
measurements using a novel mass spectrometric technique were
carried out for 94 model asparaginyl peptides from 3 to 13
residues in length. Deamidation rates of these peptides in

pH 7.4, 37.0°C, 0.15 m Tris-HCI buffer were measured and
evaluated. It was found that they validate the use of
pentapeptide models as surrogates for the primary sequence
dependence of peptide and protein deamidation rates and the
discovery by difference of secondary, tertiary and quaternary
structure effects. Deamidation of the pentapeptide models,
compared with that of longer peptides of more intricate
structure, is discussed, and the application of this technique to

deamidation measurement of intact proteins is demonstrated.

Deamidation of amide side-chains of peptides and proteins
has been widely observed. This property frequently intro-
duces undesired heterogeneity into peptide and protein
preparations. Moreover, it has been hypothesized that
glutaminyl and asparaginyl residues in peptides and proteins
serve, through spontaneous deamidative transformation
into glutamyl and aspartyl residues, as molecular timers
of biological events such as protein turnover, development
and aging (1-4). The timing of protein turnover by
deamidation was first demonstrated by comparison of
model peptides with proteins in the cases of cytochrome ¢
{5) and aldolase (6). Deamidation of peptide sequences from
histones was also reported (7) and discussed in terms of
development and aging. Since these initial hypotheses
and experiments, much progress has been made. See, for

example, recent experiments on deamidation of histone (8),
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lens crystallin (9}, phenylalanine hydroxylase (10), triospho-
sphate isomerase {11} and ribonuclease {12).

During the 1970s, the rates of deamidation in 37°C,
pH 7.4, ionic strength o.15-0.2 phosphate buffer of 34
asparaginyl and 30 glutaminyl peptides were measured
(3,5-7,13,14). These peptides were primarily of the type
GlyXxxAsnYyyGly and GlyXxxGInYyyGly. Recently, the
deamidation rates of an additional 306 asparaginyl penta-
peptides of this type were measured (15). It was predicted
in 1970 and then demonstrated experimentally (1—5) that
deamidation rates depend upon primary structure and upon
three-dimensional conformation from secondary, tertiary
and quaternary effects. Three-dimensional effects have, to
date, largely been inferred by comparison of peptide model
deamidation rates with the actual rates of deamidation of
other peptides and proteins (see, for example, Ref. 22). There
has, however, been no systematic evaluation of the under-
lying assumption that these pentapeptide models suitably
represent most of the primary structure part of the deamida-
tion rates. We have therefore undertaken the synthesis and
deamidation measurement of additional model peptides to
test and evaluate this assumption.

These 94 peptides were synthesized using solid-phase
peptide synthesis (16,17] and the rates of deamidation were
measured by a novel method of direct electrospray injection
into an ion trap mass spectrometer. The experimental
results were consistent with first-order kinetics, so the first-
order rate constants and deamidation half-times were
calculated assuming first-order dependence upon peptide
concentration.

Experimental Procedures
Peptide synthesis

The peptides were synthesized by means of solid-phase
peptide synthesis (16,17) in an Advanced Chemtech Model
396 MBS synthesizer with a 96-well reaction block as
described previously {15). We used Wang resin substituted
with 0.67 meq/g  Fmoc-Gly, ©.74 meq/g Fmoc-Ala, or
0.44 meq/g Fmoc-His (Trityl). For peptides blocked on the
C-terminal by amidation, 0.4 meq/g Rink Amide MBHA
resin was used. For peptides blocked by acetylation of the N-
terminal, acetic acid was coupled in the same way as the
amino acid derivatives. These N- and C-terminal blocking
groups are designated ‘Ac’ and ‘NH,’ in Tables 2 and 8.
Derivatives and resin were purchased from Peptides Inter-
national.
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The products were precipitated and washed three times
with 15-mL portions of methyl t-butyl ether, and vacuum
dried. They were then dissolved in purified H,0, divided
into five parts in low-temperature vials, freeze dried, and
stored at -80°C. Distilled H,O was further purified to
18.2 mQ resistivity in a Labconco 90006-00 ion-exchange
purifier before use.

Yields were determined by hydrolysis of portions of the
products with 6 ¥ HCl in H,O at ¢95°C for 48 h followed by
amino acid analysis. This analysis was carried out in a
Thermoquest HPLC with a Pgooo pump, AS3ooo auto-
sampler, and UV6000oLP detector combined with a Pickering
PCXs5200 derivatizer, column, ninhydrin and lithium buffer
system. Yields averaged = 70% with the remaining peptide
either not washed from the resin or solubilized during the
ether washes. Loss in the ether depended upon the structure
of each peptide.

Deamidation of peptides

Peptide deamidation reactions were carried out in pH 7.4,
37.0°C, 0.15 M Tris—-HCl buffer. Peptide concentrations
were 1.0X103 M. For the pH dependence experiments
with GlySerAsnHisGly, solutions were prepared by adjust-
ing the pH of 0.15 M Tris base with 6 n HCl prior to addition
of the peptide. The pH values reported for this experiment
are averages of the pH of tubes 1, g and 18 of each experiment
measured with a calibrated Orion 9803BN micro pH
electrode and Orion Model 420A pH meter after all samples
had been removed from 37.0°C at the end of the experiment,
frozen at —80°C, and then thawed for measurement at 26°C.
In the more poorly buffered solutions at pH 3.9, 4.3 and >8,
the pH decreased by =~o0.1 units during the deamidation
experiments. At the other pH values, the range of pH
throughout the experiment was = 0.02 units. These 26°C
pH values were adjusted with Tris buffer tables from 26 to
37°C for all pH values >6, and were used without
adjustment for pH values <6.

Deamidation reactions were carried out in sets of 18,
2.0-mL polypropylene centrifuge vials with screw caps and
rubber O-rings. Each vial contained 100 pL of solution and
was fitted with a hand-made o.002-in. thick Teflon film
liner. This liner was pressed into each tube and a similar
liner was placed over the solution and under the vial cap
before sealing. The pH experiment was carried out in 1.5-mL
polypropylene vials without Teflon liners. Precautions
against evaporation were taken by sealing the vials in
trays that were hydrated with open vials of water. All 18
samples for all of the experiments were frozen at -80°C until
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use and all were placed simultaneously in the 37.0°C
reaction chamber. At appropriate timed intervals, sets of
these samples were removed from the reaction chamber and
frozen at —-80°C. All 18 samples from each experiment were
analyzed by mass spectrometry on the same occasion and
were appropriately alternated to avoid systematic errors
from drift during the analysis.

The deamidation reactions took place in an insulated
stainless steel incubation chamber controlled at
37.00+0.02°C {15). Incubation times varied between 4 and
102 days depending upon the individual deamidation rates.
These times were adjusted so that each set provided
measured points over a range appropriate for the deamida-

tion of the individual peptide.
Titration of GlySerAsnHisGly

A 2x107% M solution of GlySerAsnHisGly in 0.5 mL H,O
was titrated with 0.1 M NaOH by means of a 250-uL syringe
driven by a Harvard Apparatus Model PHD2ooo syringe
pump. The syringe was connected to a 0.010 in. i.d. Teflon
tube, which was withdrawn from the solution during each of
the 60 measurements taken between pH 3 and pH 9. The
solution was stirred with a Teflon stirring bar while nitrogen
flowed into the reaction vial above the solution surface. This
nitrogen was introduced through a 0.010 in. i.d. Teflon tube
over the stirred solution for 30 min prior to the titration and
throughout the titration. Measurements were made with an
Orion 9803BN micro pH electrode and Orion Model 420A
pH meter. Titration was performed in a 37°C warm room in
which the apparatus and solutions were equilibrated prior to
the experiment.

Measurement of deamidation by mass spectrometry

Measurements were made in a Thermoquest Model LCQ
mass spectrometer fitted with a Thermoquest electrospray
source, a2 Thermoquest AS3500 autosampler and a custom-
ized sample delivery system driven by a Harvard Apparatus
PHD2000 syringe pump with 5 and 10 mL Hamilton glass
syringes. The autosampler had a Teflon-coated needle
assembly, a Tefzel valve rotor and a PEEK valve body. The
mass spectrometer was powered by a 240-V system of four
Exeltech MX1000 power modules supplied from a battery
bank that was charged by two Lorain Flotrol AiooFas
rectifiers. The s-mL syringe contained 1.5% acetic acid in
acetone and the 10-mL syringe contained purified H,O.
These were pumped to give a combined flow of 40 uL/min of
solution that was 0.5% acetic acid and 33% acetone into the

electrospray source. The heated capillary was operated at
180°C. Each run consisted of a 50-uL loop injection, which
was monitored continuously for -7 min after each injec-
tion by a repeating sequence of four high-resolution zoom
scans centered on the expected m/z ratio assuming a single
charge. One 100-2000 m/z low-resolution scan was also
collected for each four zoom scans. Approximately two
zoom scans per UL of injected sample were recorded. Seven-
minute runs were made only in the case of long or basic
peptides that tended to exhibit retarded fractions in the
sample delivery system

Prior to injection, the samples were diluted soo-fold with
H,O by pipetting of 1.5 uL into 749 pL in the injection vials.
This permitted direct injection into the electrospray source
without fouling of the instrument by nonvolatile constitu-
ents. In the case of proteins and larger peptides, H,O was
substituted for acetone in the injection system to avoid
precipitation. All solutions throughout these experiments
were handled in Teflon or polypropylene containers. With
the exception of the pump syringes, no glass containers were
used.

Sample injection was into the pumped H,O stream, which
was then mixed with the acetone stream in a U.466
Upchurch PEEK static mixing chamber before entry into
the electrospray source. The LCQ was operated in the
positive ion mode. Meticulous attention was paid to the
materials in contact with the sample, and the hold-up
volume and surface area of the sample delivery system was
minimized. Teflon and Tefzel were used where available.
However, the final delivery capillary was deactivated fused
silica, the mixing chamber was PEEK plastic and the sample
valve body of the autosampler was also PEEK. Therefore,
systematic errors were sometimes introduced by differential
adsorption of the reactant and product peptides in the
sample delivery system, particularly in the cases of the more
basic peptides. Differential adsorption was easily detected
because it occasionally introduced slight downward or
upward curvatures into the first-order deamidation rate
plots, which were accompanied by the expected increases or
decreases of total ion current as the deamidation proceeded.
Differential ionization in the mass spectrometer would also
produce this effect. Most of our first-order rate plots were,
however, straight lines, and those that were significantly
curved responded to changes in the sample delivery system.
In these cases, also, differential composition with time
during injection was also observed. Overall mass spectro-
meter sensitivity drifted somewhat over a period of days, in
part because the LCQ mass spectrometer is not fitted with
an easily replaced disposable heated capillary.
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A typical 4-h mass spectrometry run consisted of 36
samples, with 18 from each of two peptide rate experiments
with different masses. These were alternated in order to
wash the sample delivery system for each other. Usually,
three runs measuring the complete deamidation curves for
six peptides were completed each day. We also carried out
experiments wherein several peptides of differing mass were
measured simultaneously. The throughput of these proce-
dures can be increased 10-20-fold using such combined
measurements and even by combined peptide syntheses of
appropriately mass selected peptide sets. We carried out
such multiple analyses with good results. Precision is,
however, compromised as the number of peptides increases.
As we wished to keep precision error for these experiments
below 1%, we did not combine peptides for the experiments
reported here.

Calculation of results

Raw data from all of the sample-containing zoom scans from
each LCQ run were summed and recorded in Microsoft
EXCEL tables to give results as shown in Fig. 1. The point-by-
point values of these curves were then corrected for noise,
adjusted for the naturally occurring isotopic ratios, and
separated into the contributions from the undeamidated and
deamidated peptides. These differ from each other in that
deamidation increases the mass by 1 amu. The rates of
deamidation were then calculated and plotted as first-order
rate curves as shown in Fig. 2. These calculations were
performed in MATHCAD 8 PROFESSIONAL with overlays from
MACRO EXPRESS 2000 that permit large numbers of calcula-
tions to be made sequentially and automatically. Measure-
ment of the 18 samples for the 94 peptides required 1692
loop injections and 200 h of mass spectrometer operation.
Total time for analysis was 16 days, although this work
could have been completed in 8 days had the mass spectro-
meter been operated 24 h a day. These measurements have
been largely automatic with the autosampler and syringes
requiring attention once every 4 h. With the aid of our
computer programs, each 4 h of mass spectrometer opera-
tion requires =~ 30 min of manual computer manipulations
to calculate the results, largely because our programs are not
integrated into the Lcq software.

Deamidation of rabbit muscle aldolase
As a demonstration that this mass spectrometric technique
is also suitable for the study of specific deamidations of

intact proteins, we carried out an experiment in which the
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Figure 1. Representative averaged zoom scans from direct 50-uL loop
injection of the peptide AsnHisAlaAla into the LCQ mass
spectrometer. These are plots of the actual and unsmoothed
experimental data as obtained in Excel tables from the LCQ. The
graphical base lines have been omitted to show the quality of these
results. The individual scans are less smooth, as a result of statistical
effects. Scans are from the 1st, 4th and 15th points of the deamidation
experiment measured at 0.00, 6.00 and 28.00 days, respectively.
Deamidation solutions were 1.0X1073 m peptide, 0.15 m Tris-HCI,
pH 7.4, 37.0°C. Injected solution was 2X10°® M peptide and 3X107* m
Tris-HCI buffer.
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Figure 2, First-order rate plot of the deamidation of the peptide
AsnHisAlaAla. Deamidation half-time for the 1.0X107% M peptide,
0.15 m Tris-HCI, pH 7.4, 37.0°C was calculated to be 5.75 days with
a first order rate constant of 1.40X107° 572,

first two asparaginyl residues near the C-terminus of rabbit
muscle aldolase and two model peptides with the same
nearest neighbor sequences were exposed to deamidating
conditions and measured simultaneously in the same
solution {15). This solution was 1.0X103 M in peptides
and protein, o.15 m Tris—-HCI, pH 7.4, 37.0°C.

Immediately prior to measurement in the mass spectro-
meter, separate portions of the deamidated solutions were
treated with trypsin or chymotrypsin to release the
deamidated peptides in aldolase. These peptides and the
synthetic peptide models were then scanned simultaneously
in the mass spectrometer. The peptides GlySerAsnHisGly
and GlyAlaAsnSerGly had deamidation half-times of 8.3 and
11.4 days, respectively. The peptides IleuSerAsnHisAla-
Tyr and AlaLeuAlaAsnSerLeuCysGIlnGlyLys, which were
released by digestion of aldolase after deamidation of the
intact protein, had deamidation half-times of 9.4 and
>150 days, respectively. The deamidation plot for the
fastest deamidation of rabbit muscle aldolase, that of
SerAsnHis, as measured in the peptide IleuSerAsnHisAla-
Tyr, is shown in Fig. 3.

In accordance with earlier work (6,21), the SerAsnHis
sequence deamidates at approximately the same rate in the
model peptide and in the protein. Moreover, these rates are
in good agreement with the 8 day in vivo turnover rate of
aldolase. The AlaAsnSer sequence is, however, slowed
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Figure 3. First-order rate plot of the deamidation of rabbit muscle
aldolase in the sequence SerAsnHis near the C-terminus of the
protein. The deamidation half-time and first-order rate constant for
aldolase were found to be 9.4 days and 8.5X107 s, respectively.
The solution was 1.0X107* m in aldolase and 1.0X107° M in
GlySerAsnHisGly and GlyAlaAsnSerGly, o.15 m Tris—HCI, pH 7.4,
37.0°C. The deamidated solutions were digested with chymotrypsin
for 10 min at 25°C immediately before dilution for mass
spectrometry.

markedly in aldolase because this sequence occurs in a

helical part of the protein {15).

Results

The experimental results are summarized in Fig. 4 and
Tables 1-8. We found by titration that the peptide GlySer-
AsnHisGly has pK values of 3.1, 6.4 and 7.8 for the
C-terminal, imidazole and N-terminal groups, respectively.
It is to be expected that, for most of the peptides studied
herein, except for those with acetyl and/or amide end
blocking groups, the C- and N-terminal pK values will be
in the same general pH range. Therefore, at pH 7.4, the
peptides are ionized almost completely at the carboxyl end,
but are a mixture of ionized and neutral species at the amino
end. Heterogeneity also arises from some of the amino acid
residue side-chains.

The precision error of these measurements, as measured
by standard deviation of the deamidation half-time, was
generally <1% of the reported value. Systematic errors
arose, however, in the sample delivery system, which in the

case of some peptides discriminately adsorbed different
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Figure 4. Deamidation half-times of a 1.0X1073 m soliition of
GlySerAsnHisGly as a function of pH in 37°C, 0.15 m Tris base
adjusted to pH with 6 x HCl. The pH values shown are measured
averages of the 1st, gth and 17th points of the deamidation solutions
after the deamidation reactions had taken place.

amounts of the amidated and deamidated peptides. This
could be seen, in some of the peptides, as differential tailing
during the analytical injection accompanied by the expected
slight curvature in the first-order rate plots. With 18 high-
precision points in each plot, these effects are easily
discerned. We therefore estimate that the values reported
in Tables 1-8 should be considered reliable to a probable
error of =~ §%. Many of the values are more accurate than
this, and few, if any, are >10% in error. In addition, we are
concerned that the very short peptides shown in Table 8
might be especially susceptible to differential ionization,
but here we report the values we observed.

The effect upon deamidation rate of pH and of changing
degree of protonation is shown in Fig. 4. Deamidation half-
time at pH 9, where both the amine and imidazole are
neutral, is ~ 8 days. The half-time increases gradually as
protonation of the amine is completed. When, however, the
imidazole group is protonated, the half-time increases
sharply to a value of = 1000 days. Thereafter, it decreases
again to =~ 12 days at pH 1.0 as the C-terminal is neutral-
ized. It is not known how many different mechanisms of
deamidation may be at work throughout this pH range. One
mechanism may suffice, or, at low pH another mechanism
may predominate. At pH 7.4, however, little general acid or
base catalysis by ionized H,O would be expected. The cyclic
imide mechanism (18) or variations of it, as mediated by the
peptide structures present, probably predominates at pH 7.4.
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Table 1. _AsnGly_ deamidation rates

tiz kx108
Peptide (days) (sec’")
GlyAsnGly 98 0.082
GlyGlyAsnGlyGly 1.083 7.41
GlyGlySerAsnGlyGly 1.003 8.00
GlySerAsnGlyGly 0.957 8.38

GlySerGlyGlyAsnGlyGlyGlyGly 0.935 8.58
GlyGlyGlyAsnGlyGlyGly 0.916 8.76
GlyGlyGlyGlyAsnGlyGlyGlyGly 0.845 9.49
GlySerGlyGlyAsnGlyGlyHisGly 0.828 9.69
GlyGlyGlyGlyAsnGlyGlyHisGly 0.820 9.78

GlySerGlyAsnGlyGlyGly 0.752 10.7
GlySerGlyAsnGlyHisGly 0.648 124
GlyGlyGlyAsnGlyHisGly 0.646 12.4

Table 2. _AsnHis_ deamidation rates

tin k<108
Peptide (days) (sec™)
SerAsnHis 39.6 0.203
GlyAlaAsnHisGly 9.29 0.86
GlyGlyAsnHisGly 9.18 0.87
AcSerAsnHisNH, 9.01 0.89
AlaAlaAsnHisAlaAla 8.44 0.95
GlySerAsnHisGly 8.30 0.97
AcAsnHisAlaAla 8.10 0.99

AcAlaAlaSerAsnHisAlaAlaNH, 8.05 1.00

AlaSerAsnHisAla 7.83 1.02
GlyGlySerAsnHisGlyGly 7.42 1.08
GlyGlyAsnHisGlyGly 7.41 1.08
AcAlaSerAsnHisAlaNH; 7.35 1.09
AlaAlaSerAsnHisAlaAla 7.27 1.10

AcGlyGlySerAsnHisGlyGlyNH; 7.05 1.14
AlaAlaAlaSerAsnHisAlaAlaAla 6.78 1.18
AcGlySerAsnHisGlyNH, 6.63 1.21
GlyGlyGlySerAsnHisGlyGlyGly 6.47 1.24
AsnHisAlaAla 5.75 1.40

With these considerations in mind, especially as mixtures
of species may cause small variations in the measured rates,
consider the deamidation rates of the 94 model peptides
summarized in Tables 1-8.

It has been found {15), in deamidation measurements of
306 model peptides of the type GlyXxxAsnYyyGly in
pH 7.4, 37.0°C, 0.15 m Tris-HCI buffer, that the median
deamidation half-times in days for carboxyl side nearest
neighbors {Yyy), in sets comprised of 18 of the ordinary
amino acid residues as amino side nearest neighbors (Xxx),



Table 3. _XxxAsnYyy_deamidation rates

ti kx1g°

Peptide (days) (sec™)
GlylleAsnlleGly 384 0.0209
GlyAlaAsnlleGly 300 0.0267
GlyAlaAsnGluGly 741 0.108
GlyAlaAsnTyrGly 73.9 0.109
GlyTyrAsnTyrGly 70.6 0.114
GlyArgAsnArgGly 67.4 0.119
GlyAlaAsnArgGly 62.4 0.129
GlyGluAsnGluGly 60.3 0.133
GlyAlaAsnLysGly 55.9 0.144
GlyLysAsnLysGly 53.5 0.150
GlyProAsnAlaGly 31.8 0.252
AlaAlaAsnAlaAla 29.9 0.268
AlaAlaSerAsnAlaAla 27.8 0.289
GlylleAsnAlaGly 259 0.310
GlyGluAsnAlaGly 25.8 0.311
GlyHisAsnAlaGly 24.6 0.326
GlyArgAsnAlaGly 244 0.329
GlyTyrAsnAlaGly 24.3 0.330
GlySerAsnAlaGly 24.1 0.333
GlyLysAsnAlaGly 23.6 0.340
GlyAlaAsnAlaGly 22.5 0.357
GlySerAsnSerGly 15.1 0.531
GlyAlaAsnSerGly 14.9 0.538
GlyHisAsnHisGly 10.7 0.750
GlyAlaAsnHisGly 9.3 0.863
GlyGlyAsnHisGly 9.2 0.872
GlySerAsnGlyGly 0.96 8.36

Table 4. AlaXxxAlaAsnAlaYyyAla

deamidation rates

Peptide

t2 '
(days) (sec™)

kx 108

AlaProAlaAsnAlaProAla
AlaGluAlaAsnAlaGluAla
AlaAlaAlaAsnAlaAlaAla
AlalleAlaAsnAlalleAla
AlaSerAlaAsnAlaAlaAla
AlaSerAlaAsnAlaSerAla
AlaAlaAlaAsnAlaHisAla
AlaSerAlaAsnAlaHisAla
AlaLysAlaAsnAlaLysAla
AlaTyrAlaAsnAlaTyrAla
AlaHisAlaAsnAlaHisAla

AlaArgAlaAsnAlaArgAla

1

95

31.8
31.2
25.9
25.4
21.0
16.9
16.6
145
14.4
12.7

10.9

0.0411
0.252
0.257
0.310
0.316
0.382
0.475
0.483
0.553
0.557
0.632
0.736
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are Gly 1.14, His 10.2, Ser 15.7, Ala 25, Asp 32, Thr 46, Cys
52, Lys 58, Met 6o, Arg 62, Glu 64, Phe 7o, Tyr 79, Trp 97,
Leu 119, Val 243, and Ileu 302. Amino side nearest neighbor
effects are (15), in decreasing order of deamidation rate, Gly,
Ser, Thr, Cys, Met, Phe, Tyr, Asp, Glu, His, Lys, Arg, Ala,
Leu, Val, lleu, Trp and Pro. The effect upon deamidation of
the carboxyl side nearest neighbor is much greater than that
of the amino side nearest neighbor. Table 3 includes a few
of these pentapeptide rates that are especially relevant to
the longer peptide models reported herein.

Several effects are evident in the model peptide deamida-
tion rates.

1. As the carboxyl side nearest neighbors are moved
away from the amide by one or more residues, steric factors
that inhibited their effects upon deamidation are dimin-
ished. As nearest neighbors, Gly is sterically favorable to
five-membered ring imide formation and Ser and His are
shaped so that they can catalyze imide-mediated deamida-
tion, probably through dipole effects. Conversely, Lys is too
long to bring its side-chain to bear on the five-membered
imide. As soon as one or more residues intervene, Lys
begins to catalyze deamidation, the half-times moving from
= 50 days, to a range of 14-19 days. Similar effects are seen
for Arg and other residues as summarized in Tables 4—7.

2. In the case of Gly as the carboxyl side nearest
neighbor, the deamidation rate increases as the peptide is
elongated by additional Gly residues, and His and Ser also
increase this rate, especially carboxyl side His. This effect of
His and Ser diminishes with distance from the amide, as
shown in Table 1. The peptide elongation effect is shown
also in Table 2, where the SerAsnHis central region was
kept intact, with addition of peptide on both sides beyond
this region. Additional Gly residues are more effective than
Ala in increasing the deamidation rate, and, in both cases,

Table 5. AlaXxxAlaAlaAsnAlaAlaYyyAla
deamidation rates

tin kx1Q°
Peptide (days) (sec™)
AlalleAlaAlaAsnAlaAlalleAla 45.1 0.178
AlaGluAlaAlaAsnAlaAlaGluAla 434 0.185
AlaAlaAlaAlaAsnAlaAlaAlaAla 37.0 0.217
AlaSerAlaAlaAsnAlaAlaSerAla 29.8 0.269
AlaSerAlaAlaAsnAlaAlaAlaAla 28.7 0.280
AlaAlaAlaAlaAsnAlaAlaHisAla 25.0 0.321
AlaHisAlaAlaAsnAlaAlaHisAla 23.7 0.339
AlaSerAlaAlaAsnAlaAlaHisAla 211 0.380
AlaLysAlaAlaAsnAlaAlaLysAla 14.1 0.569
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Table 6. AlaXxxAlaAlaAlaAsnAlaAlaAlaYyyAla
deamidation rates

ti kx10°
Peptide (days) (sec™)
AlaSerAlaAlaAlaAsnAlaAlaAlaSerAla 1490 0.0054
AlaSeralaAlaAlaAsnAlaAlaAlaHisAla 630 0.0127
AlalleAlaAlaAlaAsnAlaAlaAlalleAla 278 0.029
AlaHisAlaAlaAlaAsnAlaAlaAlaHisAla 59.8 0.134
AlaGluAlaAlaAlaAsnAlaAlaAlaGluAla 55.9 0.144
AlalLysAlaAlaAlaAsnAlaAlaAlalysAla 15.0 0.535

Table 7. AlaXxxAlaAlaAlaAlaAsnAlaAlaAlaAlaYyyAla
deamidation rates

ti2 kx10°
Peptide (days) (sec™)
AlaSerAlaAlaalaAlaAsnAlaAlaAlaAlaHisAla 1150 0.0070
AlaSerAlaAlaAlaAlaAsnAlaAlaAlaAlaSerAla 960 0.0084
AlalleAlaAlaAlaAlaAsnAlaAlaAlaAlalleAla 150 0.053
AlaGluAlaAlaAlaAlaAsnAlaAlaAlaAlaGluAla 36.5 0.220
AlaHisAlaAlaAlaAlaAsnAlaAlaAlaAlaHisAla 32.6 0.246
AlaLysAlaAlaAlaAlaAsnAlaAlaAlaAlalysAla 18.8 0.427

the addition of the amino acid residues is more effective
than simply blocking the ends with acetyl and amide.
Removal of the final carboxyl side residue sharply decreases
deamidation rate, as for example in AlaAlaSerAsn. Removal
of the final amino side residue accelerates deamidation, as
for example in AsnHisAlaAla. The percent increases in the
first-order rate constants for the additions of Gly pairs to a
GlyAsnGly core, Gly pairs to a SerAsnHis core, and Ala
pairs to a SerAsnHis core are 18, 9, 13, 15, 8 and 7,
respectively, for an average of 12%. Addition of Ala to an
AlaAsnAla core decreases the first order rate constant by
10% per Ala pair. The Ala pair additions, however, produce
peptides that are more likely to assume a partially helical
structure, which would diminish deamidation. In all five
cases in Table 2 in which both ends of the peptides have
been blocked by Ac and NH, or have been elongated by one
residue, the Ac and NH, deamidation rates are slower than
are the single residue additions.

3. The orders of increasing deamidation rates in the 7, 9,
11 and 13 residue peptides with the unique side-chains
moving correspondingly farther away from the amide are
shown in Tables 4—7 to be: for 7, Arg, His, Tyr, Lys, SerHis,
Ser, Ileu, Ala, Glu, Pro; for 9, Lys, SerHis, His, Ser, Ala, Glu,
Ileu; for 11, Lys, Glu, His, Ileu, SerHis, Ser; and for 13, Lys,
His, Glu, Ileu, Ser and SerHis.

4. There is a sharp reversal of order and slowing of
deamidation by one to two orders of magnitude in the
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Table 8. _XxxAsnYyy peptide
deamidation rates

ti kx10°
Peptide (days) (sec™")
AlaAlaAlaAlaNH, n.o. n.o.
AlaAlaSerAsn n.o. n.o.
GlyAsnGly 98 0.082
AlaAsnAla 270 0.030

AlaAlaSerAsnNH, 37.6 0.213

SerAsnHis 39.6 0.203

n.o., none observed.

Ser...Set, Ser...His and Ileu...Ileu peptides in the 11 and 13
residue lengths as shown in Tables 6 and 7. This is likely
due to alpha helix or other secondary structure formation,
which prevents imide formation. This effect by an a-helix is
also evident in rabbit muscle aldolase. To a lesser degree,
the His peptides also show a slowing of deamidation in
the 11 and 13 residues lengths that may result from the
presence of secondary structure. In marked contrast, this
effect is almost entirely absent in the Lys peptides.

5. The short peptides in Table 8 illustrate the necessity
of a carboxyl side nitrogen for peptide deamidation at neutral
pH. This is in accord with the proposed imide mechanism
{18).

6. It is additionally striking, in Tables 1, 2 and 4-7, that
the effects of chain elongation, inclusion of active side-
chains on the carboxyl and amino sides, and the introduc-
tion of end group blocking agents make well-ordered and
quantitative contributions to deamidation rate. Rules
arising from these regularities are the subject of a later
report. With, however, the results reported herein and in
Ref. 15, the known deamidation rates of model peptides
have now been increased by 6-fold, so reference to the
models themselves will suffice, in most cases, for semi-

quantitative predictions and evaluations.

Reaction mechanisms

While statements about reaction mechanism herein are, to
some extent, inherently speculative, it would be odd if,
with so much new reaction rate data at our disposal, we
made no mention of its relevance to the understanding
of mechanism.

First, throughout these experiments and in the CPK
model building with which we accompanied them, we had
most prominently in mind the five-membered cyclic imide
mechanism originally proposed to explain the unusually
rapid deamidation of peptides with carboxyl side glycyl
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residues as nearest neighbors to asparaginyl residues (18, 23).
This mechanism suffices to explain most of the carboxyl
side nearest neighbor deamidation rates we measured.
Sterically facilitated by Gly, catalyzed by His, Ser, Asp,
Thr and Cys, and sterically impeded by Trp, Leu, Val and
Tleu, this mechanism seems to be robust. All of the 19 other
amino acid residues are sterically hindered compared with
Gly in the formation of a five-membered imide. The
deamidation rates of carboxyl side Ser, Thr and Cys peptides
are in the correct order compared with valence bond
estimates of their dipole moments, as would be predicted
by this mechanism, with the effect of Thr diminished by
steric hindrance. Moreover, our pH dependence experiments
of GlySerAsnHisGly are in accord with this mechanism,
except in the low pH region where general acid catalysis may
serve.

We are, however, less satisfied by the five-membered ring
explanation as it relates to the longer peptides. While it may
be that all of the deamidation rates reported in Tables 1, 2
and 4-7 can be explained by this mechanism, something
additional may be at work. For example, we would not
expect the deamidation-enhancing effect of Lys to remain so
substantial as it moves farther and farther away from the
postulated five-membered imide. Certainly, the Lys can
easily bend back upon it, but why does this effect not change
with distance?

One possibility is that larger rings may be involved in the
deamidation of longer peptides. Once an active side-chain is
relieved of the steric hindrance of a nearest neighbor
position to the amide, it is also free to participate in other
ring structures that could enhance deamidation. These
possibilities are easily susceptible to experimental tests
through specialized model peptides, therefore we plan to
measure the deamidation rates of some appropriate peptides
with the purpose of distinguishing between them.

Summary Explanations

Deamidations of amide residues clearly serve, as originally
proposed primarily on theoretical grounds (1-4), as molec-
ular clocks that time biological processes. A few examples
of this have been demonstrated. As yet it is not known how
widespread the use of these clocks may be and to what
extent they control fundamental biological processes.

The exploration of this effect requires convenient tools for
the measurement of deamidation and a substantial number
of peptide models to aid in its understanding in the complex
environments of naturally occurring peptides, proteins and

organelles. We have therefore developed a mass spectro-
metric method that is suitable for the measurement of
deamidation rates in peptides and proteins. In combination
with solid-phase peptide synthesis, we have demonstrated
this method by measuring the deamidation rates of a series
of model peptides.

The pH, ionic strength and temperature chosen for these
experiments are similar to those relevant to many biological
systems and also to the conditions utilized in the measure-
ment of the asparaginyl peptides reported previously,
primarily from our lahoratories {3, 15).

We have used Tris-HCI buffer because earlier experiments
indicated that this buffer has a lesser effect upon deamida-
tion rates than does phosphate buffer and other constituents
frequently used in in vitro and in vivo studies (3,19,20). It is
expected that this will make these deamidation rates more
useful as a basis upon which to build a parametric system of
deamidation predictors.

We have used the LCQ mass spectrometer in the direct
injection mode rather than the usual HPLC-mass spectro-
metry mode. Problems with buffer ion precipitation in the
electrospray source were avoided primarily by sample
dilution. While the quantitative dynamic range of this
mass spectrometer is relatively narrow, we obtained
good results with sample concentrations in the 2x107¢ to
1X107 M range. That this method is convenient and
efficient is illustrated by the fact that, after the period of
initial development, two scientists (NER and ABR) working
for 4 months, without technicians or other support and with
additional responsibilities, completed >9000 measurements
and calculations determining the rates of deamidation of
=~ 500 peptides.

Direct injection mass spectrometry is of special value in
this work for reasons other than efficiency. It is absolutely
essential that the proportions of amidated and deamidated
peptides should be maintained throughout the experimental
measurements. While rate measurements can, in principle,
be made by means of either one of the species individually,
such measurements are generally much less precise than
comparative measurements. However, because the reactant
and product peptides have a different charge, they tend to be
adsorbed to differing extents by surface interactions. These
interactions are a serious problem in the reaction vessels and
even in the sample delivery of the peptides to the mass
spectrometer during loop injections. If an additional step
such as chromatography were utilized, they would be
magnified severely. Moreover, without careful work, this
sort of systematic error can pass unrecognized. With 18
high-precision points in each experiment, we were able to
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guard against this. Fewer points with less precision would
render this effect unobservable and the rates of deamidation
so measured could be seriously in error.

As a general rule, Teflon surfaces of the smallest possible
surface area have proved to be best for this work. The
acetone—acetic acid system gives excellent sensitivity. In the
case of some of the larger peptides, and with proteins, H,O
must be substituted for acetone to avoid precipitation. This
disadvantage is offset, somewhat, because larger peptides
tend to produce higher signals in the mass spectrometer.

The LCQ spectrometer has proved excellent for this work
with the exception of one serious drawback. The manufac-
turer changed the heated capillary through which the
sample is introduced from an easily replaceable disposable
capillary, as originally designed, into an expensive and
inconvenient unit. This prevents routine replacement of the
capillary on a daily basis. In the experiments reported
herein, we made use of a peculiar advantage of Tris—HCl
buffer. At the concentrations employed, this buffer is
volatile and moves through the electrospray system and
into the mass spectrometer as chains of various lengths.
These chains are present in large amount and sometimes
occur at m/z ratios identical to the peptides of interest.
Fortunately, however, they are decomposed, apparently by
collisions with helium in the ion trap, before the high-
resolution zoom scan, so Tris-HCl buffer ions have
essentially no effect on the deamidation measurements.
When peptides in nonvolatile buffers or proteins are
injected, however, the heated capillary rapidly degrades.
Cleaning only partially restores the capillary, and the
sensitivity and reliability of the instrument gradually
diminishes. For large numbers of precise quantitative
experiments with good reliability in a useful variety of
solutions, the mass spectrometer should be fitted with a
disposable sample introduction system.

Another potentially confounding problem is formation of
salts of sodium and potassium during the latter stages of
ionization. For this reason, all of our experiments were
performed in polypropylene or Teflon containers. Glass was
avoided in this study, except for a short length of deactivated
fused silica tubing within the electrospray needle. Fused
silica was originally used in the sample loop, but results
were improved by using a Teflon sample loop, which
markedly reduced adsorptive tailing during sample intro-
duction. Also, highly purified H,O was used throughout.
Regardless of these precautions, however, some sodium and
potassium is usually present. If significant portions of the
peptides are ionized as salts, precision is reduced. We found,
however, that operation of the heated capillary at a relatively
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low temperature of 180°C minimizes the formation of
sodium and potassium salts acceptably.

Herein and elsewhere (15), we report the deamidation
rates of 400 model peptides of differing sequences and, in
some cases, in differing solvent conditions. All of these are
asparaginyl peptides and include all possible nearest
neighbor configurations with the exceptions of half of the
Pro sequences and those containing two or more amides. We
synthesized these other peptides and plan to report their
deamidation rates in future publications. We also synthe-
sized  the complete set of 400 nearest neighbor  Gln
sequences and have begun deamidation experiments on
that set. Because Gln residues tend to have longer deamida-
tion times than Asn residues, many of these peptides need to

‘remain at 37°C for 6-12 months before high precision

deamidation rate experiments are completed.

Conclusions

The rates of deamidation of model peptides are subject to
exquisite control by primary and three-dimensional struc-
ture that has not been heretofore demonstrated. We have
demonstrated some aspects of this control in a series of 94
model peptides between 3 and 13 residues in length. This
was performed by a combination of automated solid-phase
peptide synthesis with a novel method of ion trap mass
spectrometry, which is convenient, efficient and versatile.

The measured deamidation rates extend the available
framework of understanding of primary structure deter-
mined deamidation rates, so that it is more useful in
experiments to understand the relative effects of primary,
secondary, tertiary and quaternary structure on the deami-
dation of peptides and proteins.

Also, these quantitative determinations of primary and
secondary effects of elongated peptide chains and side-
chains several residues removed from the deamidating
amide, place in perspective the effects of nearest neighbor
interactions in determining deamidation rate. The overall
conclusion is that the nearest neighbor interactions play an
especially large part in determining the deamidation rate of
model peptides, so the relevance of the recently completed
{15) rate table for peptides of the type GlyXxxAsnYyyGly is
confirmed.

Moreover, because deamidation-mediating effects of
moieties farther removed from the nearest neighbors require
additional peptide chain flexibility, a limitation that
generally retards deamidation in intact proteins, nearest



neighbor interactions are probably of even greater relative
importance than is illustrated in these experiments.
Laboratories having need of peptides of any of the goo
amide sequences that have been synthesized to date in the
course of this work (Ref. 15 and this study), especially for the
purpose of comparative work on protein deamidation, are
welcome to contact the corresponding author at the address
given on p. 483. All of these synthetic peptides, all gooo

Robinson et al . Synthetic peptides as primary structure models for deamidation

deamidation rate solutions, and all gooo dilution solutions
for mass spectrometry are currently stored at -80°C and are
available for further experiments.
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A convenient and precise mass spectrometric method for measure-
ment of the deamidation rates of glutaminyl and asparaginyl
residues in peptides and proteins has been developed; the rates of
deamidation of 306 asparaginyl sequencesin model peptides at pH
7.4, 37.0°C, 0,15 M Tris-HCl buffer have been determined; a library
of 913 amide-containing peptides for use by other investigators in
similar studies has been established; and, by means of simulta-
neous deamidation rate measurements of rabbit muscle aldolase
and appropriate model peptides in the same solutions, the use of
this method for quantitative measurement of the relative effects
of primary, secondary, tertiary, and quaternary protein structure
on deamidation rates has been demonstrated. The measured rates
are discussed with respect to the hypothesis that glutaminyl and
asparaginyl residues serve, through deamidation, as molecular
timers of biological events.

deamidation | biological clocks | peptides | mass spectrometry

he hypothesis that glutaminyl and asparaginyl residues in

peptides and proteins serve, through deamidative transfor-
mation into glutamyl and aspartyl residues, as molecular timers
of biological events such as protein turnover, development, and
aging (1-4) was originally based on the suggestion and then
experimental proof that the deamidation of cytochrome ¢ occurs
in vivo (5-6) and on reasoning that deamidation is seriously
disruptive to biological systems unless it is being used for
compensating beneficial biological purposes.

Subsequently, it was shown that the first-order deamidation
half times in pH 7.4, 37°C ionic strength 0.15-0.20 phosphate
buffer of glutaminyl and asparaginyl residues vary over a range
of at least 1 day to 9 years as a function of primary sequence and
likely over an even wider range as a function of secondary,
tertiary, and quaternary structure (3, 7-11). The dependence of
deamidation on pH, temperature, ionic strength, and other
solution properties was also demonstrated (3, 12-13). It was
additionally shown that the overall in vivo compositions and
specific sequence distributions of amide residues in peptides and
proteins are supportive of the amide molecular clock hypothesis
(1-3, 14).

The first two specific amide clocks to be identified were those
that control the in vivo turnover rates of cytochrome ¢ (6, 9) and
rabbit muscle aldolase (15-16). Measurements of in vive turn-
over rates, in vivo steady-state concentrations, in vivo and in vitro
deamidation rates of these proteins, and in vitro deamidation
rates of appropriate model peptides demonstrated both se-
quence dependence and three-dimensional structure depen-
dence of the deamidation of these two proteins. Sequence-
controlled deamidation of the C-terminal sequence . . . Thr-Asn-
Glu in cytochrome ¢ apparently leads to a changed three-
dimensional structure that accelerates a second deamidation of
cytochrome c: The resulting deamidated forms of cytochrome ¢
are rapidly catabolized in vivo with rates equivalent to the
turnover rate. In the case of rabbit muscle aldolase, sequence-
controlled deamidation of the C-terminal sequence . . . Ileu-Ser-
Asn-His-Ala-Tyr and in vivo turnover proceed at the same rates,
the former apparently timing the latter. In both proteins, com-
parisons to model peptides also showed general suppression of
"deamidation of other amides in the proteins by means of
. three-dimensional structure effects. Deamidation of histone
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peptides was also reported and discussed in terms of develop-
ment and aging (10). Since this initial work, much progress has
been made. See, for example, recent experiments on deamida-
tion of phenylalanine hydroxylase (17), histone (18), crystallin
(19), trisphosphate isomerase (20), and ribonuclease (21).

It has been proposed that the deamidation of asparaginyl
peptides at neutral pHs proceeds by way of a cyclic five-
membered imide formed from the asparaginyl « carbon and side
chain and the peptide bond nitrogen of the next residue toward
the carboxyl end of the peptide (11, 22). This mechanism
explains the production of both aspartyl and isoaspartyl peptides
during deamidation, which has been widely observed.

The general approach that was first taken toward understand-
ing the effects of primary, secondary, tertiary, and quaternary
peptide and protein structure on deamidation was that of
measuring the effects of primary structure in model peptides and
then inferring the effects of secondary, tertiary, and quaternary
structure by comparison with the deamidation rates of peptides
and proteins of interest (2-4, 7-10, 16). Therefore, the deami-
dation rates of about 60 model peptides and several proteins
were determined by means of the labor-intensive techniques
available in the 1970s. Although a substantial amount of exper-
imental data, which is beyond the scope of this discussion, has
subsequently accumulated concerning deamidation, and new
techniques have been used, progress has been impeded by lack
of knowledge of the complete library of sequence-controlled
deamidation rates and by lack of a fast and accurate means of
determining the rates of deamidation of each amide in a protein,
with reference to the model peptide rates.

We have, therefore, synthesized, by means of Merrifield
solid-phase peptide synthesis (23-24), the entire library of 800
possible nearest-neighbor amide sequences in pentapeptides,
which involve the 20 ordinary amino acid residues, and an
additional 113 peptides of interest to the effects of residues
between 2 and 6 positions distant from the amides in up to 13
residue peptides.

We have devised a means of measuring the rates of deami-
dation of these peptides by direct loop injections into an ion-trap
mass spectrometer. This method permits the determination of an
18-point deamidation curve with an inherent deamidation pre-
cision error of less than 1% by means of 18 loop injections
requiring about 2 h total mass spectrometer time. Although we
have also shown that measuring several peptides of differing
molecular weights simultaneously can markedly accelerate these
measurements, we prefer to measure the peptides individually
except where simultaneous multiple measurements have special
value as in work on proteins.

Moreover, we have demonstrated that this method can be used
to measure the deamidation rates of specific amides within a
protein, while the rates of deamidation of the peptides to be
compared with that protein are also simultaneously being mea-
sured within the same solution. The model peptides are included

Abbreviations: DMF, dimethylformamide; TFA, trifluoroacetic acid; Fmoc, 9-fluorenyime-
thoxycarbonyl.
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with the protein during the rate experiment, and the reaction
mixture is digested with an appropriate proteolytic enzyme
before direct injection into the mass spectrometer. The mass
regions of all of the amide-containing peptides are then simul-
taneously scanned.

We Hherein report the deamidation rates of 306 asparaginyl
pentapeptides. We also report the deamidation rates of the first
two asparaginyl residues near the C terminus of rabbit muscle
aldolase along with the rates of simultaneously measured anal-
ogous model peptides, which allow the determination of the
effects of primary and secondary structure on these aldolase
deamidations. All of these rates of deamidation were determined
at pH 7.4 in 0.15 M Tris-HCI buffer at 37.0°C with peptide and
protein concentrations of 1.0.X 1073 M.

Materials and Methods

Synthesis of Peptides. The peptides were synthesized by means of
Merrifield solid-phase peptide synthesis (23, 24) in an Advanced
ChemTech Model 396 MBS synthesizer with a 96-well reaction
block. Derivatives used were 9-fluorenylmethoxycarbonyl
(Fmoc)-Ala, Fmoc-Arg(2,2,4,6,7-pentamethyldihydrobenzofu-
ran-5-sulfonyl), Fmoc-Asp(O-t-butyl), Fmoc-Asn, Fmoc-
Cys(acetamidomethyl), Fmoc-Glu(O-t-butyl), Fmoc-Gln, Fmoc-
Gly, Fmoc-His(Trityl), Fmoc-Ile, Fmoc-Leu, Fmoc-Lys(t-
butyloxycarbonyl), Fmoc-Met, Fmoc-Phe, Fmoc-Pro, Fmoc-
Ser(¢z-butyl), Fmoc-Thr(¢-butyl), Fmoc-Trp, Fmoc-Tyr(t-butyl),
Fmoc-Val, and Wang resin substituted with 0.67 meq/g Fmoc-
Gly. These were all purchased from Peptides International.

Each well of the synthesizer initially contained 0.1 g of Wang
resin. Double couplings for 45 min each with a 3-min 1.5-ml wash
of 50:50 N-methylpyrrolidone (NMP)/dimethylformamide
(DMF) between couplings were used. Reagents for each cou-
pling were 0.5 ml of 0.5 M derivative in NMP; 0.5 ml of coupling
reagent that was 0.5 M 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate and 0.5 M 1-hydroxy-
benzotriazole in DMF; 0.25 ml of neutralizer that was 2 M
N,N-diisopropylethylamine in NMP; and 0.25 ml of DMF.
Double deblocking with 1.5 ml of 20% piperidine in DMF was
carried out once for 5 min, followed by a second 15-min
deblocking. Resin and side-chain protecting groups were re-
moved with 1.5 ml of scavenger-containing trifluoroacetic acid
(TFA) solution at room temperature for 2 h. The TFA solution
was TFA /anisole /ethylmethylsulfide /ethanedithiol in the pro-
portions 93:3:3:1, respectively, by volume. The product was
filtered and the resin washed once with 1 ml of TFA. Eleven
separate syntheses were performed, with 96 peptides synthesized
simultaneously in most cases.

The peptides were precipitated and washed three times with
15 ml of methyl-#-butyl ether, vacuum dried, dissolved in 18.2
MQ distilled and purified H;O, divided into five parts in
low-temperature vials, freeze dried, and stored at —80°C.

The acetamidomethyl-blocking groups of cystine were approx-
imately 20% removed in TFA. Deamidation rates of both the
blocked and unblocked peptides were measured by mass spec-
trometry. Deamidation rates for the blocked peptides will be
reported elsewhere.

Yields were determined by hydrolysis with 6 N HC] in H>O at
95°C for 48 h followed by amino acid analysis in a Thermoquest
HPLC with a P4000 pump, AS3000 autosampler, and UV6000LP
detector combined with a Pickering PCX5200 derivatizer (Pick-
ering Laboratories, Mountain View, CA), column, ninhydrin,
and lithium buffer system. Yields averaged about 70% with the
remaining peptide either not washed from the resin or solubi-

lized during the ether washes. In most cases, impurities in the

peptides were so minimal as to be indistinguishable from back-
ground in the mass spectrometer.
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Deamidation of Peptides. Peptide deamidation reactions were

carried out in pH 7.4, 37.0°C, 0.15 M Tris-HCl buffer. Peptide .

concentrafions were 1.0 X 1073 M. These reactions were carried

out in 1.5-ml polypropylene centrifuge vials with screw caps and |

rubber O-rings. The vials were also sealed in trays in a hydrated
environment to prevent evaporation. Half of the vials in each
experiment, alternating in reaction times, were fitted with
pressed-in 0.002-inch-thick Teflon film liners and tops. Each vial
contained 100 pl of solution.

The deamidation reactions took place in a specially con-
structed incubation chamber controlled at 37.00 * 0.02°C
throughout the 3-month period of these expetiments. This
chamber was continuously monitored by mieans of three ther-
misters and one glass thermometer; one of the thermisters and
the thermometer were calibrated to ASTM standards.

Incubation times varied between 4 and 102 days. These were
adjusted to provide measured poitts over a range of at least
one-fourth and at most six deamidation half times for each
individual peptide or protein. At timed intervals, vials were
removed from the incubator and frozen at —80°C. All portions
for an individual rate were measured in a single set of mass
spectrometry runs with the analyses alternated to eliminate drift
errors during the course of the mass spectrometry.

In the case of aldolase, ICN rabbit miiscle aldolase precipi-
tated from 6 M ammonium sulfate was centrifuged, dissolved in
H,0, and diluted to 1.0 X 103 M. The solution also contained
the peptides Gly-Ser-Asn-His-Gly and Gly-Ala-Asn-Ser-Gly at
1.0 X 1073 M and was 0.015 M in pH 7.4 Tris*HCl buffer. This
solution was divided into 50-pl portions in polypropylene vials,
placed at 37.0°C, removed from the incubator at 14 1-day
intervals, and frozen at —80°C. Before mass spectrometric
analysis, 3-ul portions of the reaction mixtures were each mixed
with 16 pl of a 0.5 mg/ml solution of Sigma T-1426 TPCK
treated trypsin or ICN 100478 a-chymotrypsin respectively. The
trypsin mixtures were incubated at 37.0°C for 2 hours, and the
chymotrypsin mixtures were incubated at 25°C for 10 min before
dilution for mass spectrometry. The tryptic and chymotryptic
digests were injected separately into the mass spectrometer, so
28 loop injections were performed. Trypsin produced the Ala-
Leu-Ala-Asn-Ser-Leu-Cys-Gln-Gly-Lys peptide and chymotryp-
sin the Ileu-Ser-Asn-His-Ala-Tyr peptide.

Measurement of Deamidation by Mass Spectrometry. Measurements
were made in a Thermoquest LCQ mass spectrometer fitted with
a Thermoquest electrospray source, a Thermoquest AS3500
autosampler, and a customized sample delivery system driven by
a Harvard Apparatus PHD2000 syringe pump with 5- and 10-ml
Hamilton glass syringes. The autosampler had a Teflon-coated
needle assembly, a Tefzel valve rotor, and a PEEK valve body.
The LCQ was powered at 240 V by four Exeltech MX1000 power
modules connected to a battery bank serviced by two Lorain
Flotrol A100F25 rectifiers (Lorain Corporation, Lorain, OH).
The 5-ml syringe contained 1.5% acetic acid in acetone, and

the 10-ml syringe contained purified H,O. These were pumped.

to give a combined flow of 40 pl/minute of solution that was
0.5% acetic acid and 33% -acetone into the electrospray source.
The heated capillary was at 180°C. The solutions were combined,
after sample introduction into the H,O stream, in a U.466
Upchurch PEEK static mixing T (Upchurch Scientific, Oak
Harbor, WA). Each run consisted of a 50-j1l loop injection of
sample, which was monitored continuously for 5-7 min by a
sequence of 4 high-resolution zoom scans centeted on the
expected charge/mass ratios and one 100-2,000 charge/mass
low-resolution scan. Approximately two zoom scans per micro-
liter of sample were recorded. Meticulous attention was paid to
the materials in contact with the sample, and the hold-up volume
and surface area of the sample delivery system were minimized.
Teflon and Tefzel were used when available.
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Before analysis, the samples were diluted 500-fold with H,O
by pipetting of 1.5 ul into 749 pl in the injection vials. In the case
of proteins and larger peptides, H;O was substituted for acetone
in the "injection system to avoid precipitation. All solutions
throughout these experiments were handled in Teflon or
polypropylene containers. No glass containers were used except
for the syringe pump syringes. The aldolase samples were diluted
only 50-fold before analysis; 75-ul injections were used; data
were collected for 8 min per sample; and the LCQ automatic gain
control was turned off to avoid suppression of detector sensi-
tivity by the large amounts of proteolytic enzyme and aldolase
fragments in the sample. The larger samples offset the lesser data
collected per peptide, because each of four peptides was being
scanned simultaneously.

A typical 4-h mass spectrometry fun consisted of 36 samples,
with 18 from each of 2 peptide rate experiments. These included
peptides of different masses, and the samples were alternated to
mutually wash the sample delivery system. We also carried out
experiments wherein several peptides of differing mass were
simultaneously measured. The throughput .of these procedures
can be increased by 10- to 20-fold by such combined measure-
ments and/or by combined peptide syntheses of appropriately
selected peptide sets. Precision, however, is compromised as the
number of peptides rises. As we wished to keep precision error
in these experiments below 1%, we did not combine peptides for
the experiments reported here, except in the case of the protein
experiments.

Calculation of Results. Raw data from all of the sample-containing
zoom scans from each LCQ run were summed, averaged, and
recorded in Microsoft EXCEL tables to give results as shown in
Figs. 1 and 2. The point-by-point values of these curves were then
corrected for baseline noise, adjusted for the naturally occurring
isotopic ratios, and separated into the contributions from the
undeamidated and deamidated peptides, which differ from each
other in that deamidation increases the mass by 1 atomic mass
unit. The rates of deamidation were then calculated and plotted
as first-order rate curves as shown in Fig. 3. These calculations
were performed in MATHCAD 8 PROFESSIONAL (Math Soft, Cam-
bridge, MA) with overlays from MACRO EXPRESS 2000 (Insight
Software Solutions, Bountiful, VT) that permit large numbers of
calculations to be made sequentially and automatically. In the
course of this work, we have measured and calculated about 500
deamidation rates involving 9,000 loop injections and requiring
a total of about 1,000 h of mass spectrometer operation. With the
aid of our computer programs, each 4 h of mass spectrometer
operation requires about 30 min of manual computer manipu-
lations to calculate the results, largely because our programs are
not integrated into the LCQ software.

Results and Discussion. The results are summarized in Tables 1 and
- 2. The first-order deamidation half times for the 306 asparaginyl

peptides are between 1 day and 455 days with a distribution
* function as shown in Fig. 4. Clearly, the side chain of the amino
acid residue on the carboxyl side of the asparaginyl residue has

a larger effect on the deamidation rate than does the residue on.

the amino side. The residues on both sides affect the deamida-
tion rate in an ordered way that is explainable from their
- structures and the proposed cyclic imide mechanism. Table 1
reports deamidation rates for amide-side Pro, but not for
carboxyl-side Pro. For all 18 peptides with carboxyl-side Pro, our
measurements showed deamidation half times of more than
1,000 days. Because Pro cannot participate in the five-membered
imide ring, this result would be expected. The duration of our
experiments did not, however, allow the careful and precise
measurement of these rates, so the values will be reported later
after they have been investigated more carefully.

The precision error of the values reported in Table 1 is
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Fig. 1. Representative averaged zoom scans from direct 50-ul loop injection
of the peptide Gly-Ala-Asn-His-Gly into the LCQ mass spectrometer. Scans are
from the first, sixth, and fifteenth points of the deamidation experiment.
Deamidation solutions were 1.0 x 1073 M peptide, 0.15 M Tris:HCl, pH 7.4, and
37.0°C. Injected solution was 2 X 1076 M peptide and 3 X 104 M Tris-HC!
buffer. The graphs shown are actual and typical unsmoothed experimental
data. The graphical base lines have been omitted to show the quality of these
results.

generally less than 1%. Systematic errors, however, are also
present. In some cases, the amidated and deamidated peptides
were differentially retarded and slightly absorbed in the sample
delivery system. Usually, the more positively charged peptides
were absorbed more strongly, so the undeamidated peptides
were absorbed more extensively than were the deamidated
products. For this reason, we estimate that the absolute values of
these deamidation rates have probable errors of about 5% or
less.

At pH 7.4, these peptides are not homogeneous molecular
species. For example, the pKs of the carboxyl, imidazole, and
amino groups in the peptide Gly-Ser-Asn-His-Gly are 3.1, 6.4,
and 7.8, respectively (25). Therefore, whereas the carboxyl and
imidazole groups are mostly deprotonated at pH 7.4, the amino
group, to a significant extent, is an equilibrium mixture of the
protonated and deprotonated species, which have different but
similar deamidation rates (25). Some of the variability seen in
Table 1 is, therefore, likely to be the resuit of differences in pK
of the peptides, but most of the variation arises from peptide
sequence.

Robinson and Robinson
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Fig.2. Unsmoothed and uncorrected experimental data for averaged zoom

scans of the sixth deamidation point in the deamidation of Gly-Ala-Asn-His-
Gly. This graph is typical of actual experimental data obtained for the 306
peptides in these experiments.

We have chosen Tris'HCl buffer for these experiments, be-
cause it is relatively benign in its direct effects on deamidation
rate as compared, for example, to phosphate (3, 12). As these
studies are expanded, the TrissHCl rates will serve as a base to
which the effects of other solute molecules can be added. Of
central importance, however, is the comparison of peptide
deamidation rates with those of proteins with corresponding
sequences under identical solvent and environmental conditions.
For this reason, the results reported in Table 2 are of special
importance.

Table 2 shows that, as expected from previous work (15-16),
the C-terminal Ser-Asn-His sequence in aldolase deamidates at
essentially the same rate as does its corresponding model pep-
tide—which was present in the same solution at the same time
and was simultaneously measured in the mass spectrometet. The
Tris-HCl value of 8.3 days for the deamidation of Gly-Ser-Asn-
His-Gly, as compared with that for aldolase of 9.4 days, is in good
agreement with that previously reported of 6.4 days for Gly-Ser-

Asn-His-Gly in phosphate buffer (16) and aldolase of 8 days (15).

Phosphate buffer is known to accelerate deamidation (12). It is
also in good agreement with the reported in vivo turnover rate
for rabbit muscle aldolase of 8 days (15).

Conversely, however, the second amide sequence from the
C-terminal, Ala-Asn-Ser, deamidated with a half life of 11.4 days
in the peptide but was not observed to deamidate at all in the

Robinson and Robinson
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Fig. 3. First-order rate plot of the deamidation of the peptide Gly-Ala-Asn-
His-Gly. Deamidation half time for the 1.0 X 10~3 M peptide in 0.15 M Tris-HCl,
at pH 7.4, and 37.0°C was calculated to be 9.3 days, and the first-order rate
constant k = 0.86 X 10 6sec™".

protein during the 14-day duration of the experiment. In the
protein, therefore, this sequence has a deamidation rate at least
10- to 20-fold slower than the model. This difference is likely
because this amide is located in an « helix in the protein. The
postulated cyclic imide intermediate involved in the deamidation
of these asparaginyl peptides requires that the amide nitrogen of
the residue toward the carboxyl end of the asparaginyl residue be
available for imide formation. This would require disruption of
the a helix in which this nitrogen is participating.

We suggest that strategically located asparaginyl residues
may serve as useful quantitative detectors of helix formation
in model peptide and other systems. This deamidation rate is
very sensitive to helix and is easily measurable. Helix depen-
dence of deamidation has also been reported in several model
peptides (25).

We are convinced that this method for deamidation rate
measurement of particular sequences in: proteins, which we
have demonstrated here with these two sequences in aldolase,
will prove robust. Preliminary experiments that we have
performed with several other proteins have shown that the
majority of their amide-containing peptides are immediately
measurable. Where disulfide bonds are present, it is helpful to
include 1 pl of 0.1 M 1,4-dithiothreitol in the enzymatic
digestion mixtures. Chromatographic and electrophoretic sep-
arations should be avoided entirely because they are time
consuming and because they introduce the possibility of large
systematic errors from differential losses of the amidated and
deamidated peptides during measurement.

Studies of a wide variety of model peptldes have shown that
pentapeptide models of the sort summarized in Table 1 are good
surrogates for longer peptides and proteins of similar sequences,
with respect to primary structure effects on deamidation (25). It
is evident that the deamidation rates of these asparaginyl pen-
tapeptides at 37.0°C in pH 7.4, 0.15 M Tris-HCI buffer depend
primarily on the adjacent carboxyl-side residue, as Would be
expected from the cyclic imide model.

For carboxyl-side residues without specific functlonahty, the
order of deamidation rates is Gly, Ala, Leu, Val, and Ileu,
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Table 1. First-order de,amidation' half times of pentapeptides GlyXxxAsnYyyGly in days at pH 7.4, 37.0°C, 0.15 M Tris-HCl

Yyy
Gly His Ser  Ala Asp  Thr Cys lLys Met Glu Arg Phe Tyr Trp Leu  Val lle Mean Median
Xxx .
Gly - 1.03 9.2 11.8 211 28.0 398 406 482 504 - 739 578 640 636 77.1 104 224 287 706 50.4
Ser . 09 83 151 241 303 457 602 555 549 597 597 522 647 768 110 233 285 72.7 555
Thr 1.04 96 17.1 246 279 500 555 576 476 608 51.2 764 806 725 110 237 279 740 555
Cys 1.14 - 108 190 264 306 487 46.0 466 645 483 83.1 73.9 839 111 119 229 304 79.1 48.7
Met 1.04 10.2 -15.2 22.1 26.4 43.6 .496 604 569 724 588 619 740 927 113 211 275 73.2 5838
Phe - 1.15 102 181 242 274 390 465 582 586 624 61.2 695 751 102 118 203 287 74.2 58.6
Tyr 149 102 119 243 284 381 486 551 643 410 569 580 70.6 120 118 241 306 76.1 55.1
Asp 1.53 97 17.0 240 294 524 541 759 573 468 87.2 70.1 704 803 111 241 298 780 573
Glu 145 9.0 164 258 320 368 442 778 596 603 809 702 945 984 130 268 279 814 603
His 114 10.7 157 246 312 47.2 439 502 631 694 489 721 823 954 116 247 327 79.2 50.2
Lys 1.02 105 156 236 340 581 490 535 609 725 574 701 96.7 981 119 246 313 81.1 58.1
Arg . 1.00 100 143 244 347 507 505 496 744 683 674 683 90.0 127 128 247 31 834 674
Ala 105 93 149 225 319 435 63.7 559 592 741 624 656 739 130 124 254 300 81.5 624
Leu 1.08 10.7 16.7 251 321 46.1 535 60.1 626 56.7 62.1 724 757 745 155 294 391 87.6 60.1
Val 1.23 10.2 182 275 335 499 63.2 638 657 648 674 666 79.2 889 154 291 366 88.9 64.8
lle 1.26 115 145 259 338 463 527 644 588 586 664 615 793 86.7 154 295 384 879 588
Trp 175 11.3 155 307 436 389 831 594 642 757 739 711 926 135 133 226 286 848 711
Pro 1.18 128 189 318 486 63.1 600 678 784 920 729 100 114 122 181 364 455 111 72.9
Mean 1.20 10.2 159 25.1 324 465 536 589 612 643 653 69.1 812 99 128 253 318 814 61.2
Sb 005 0.25 050 0.65 1.4 1.7 2.4 2.1 1.8 29 2.6 2.4 3.1 5.0 5.0 93 119 3.1 2.4
%SD 4.5 2.4 3.2 2.6 4.2 3.6 4.5 3.6 2.9 4.6 4.0 3.4 3.8 5.0 3.9 3.7 3.7 3.7 3.7
Median 114 10.2 157 245 316 46.2 516 579 603 636 623 698 793 97 119 243 302 785 603

entirely as expected from steric hindrance. Phe, Tyr, and Trp are
between Ala and Leu and likely also contribute primarily steric
effects. The series Ser, Thr, Cys, and Met follows the order of the
dipole moments of the functional groups, which are geometri-
cally available to stabilize imide formation as is the imidazole
group of His. The Asp side chain is short enough for it, too, to
contribute significantly to deamidation, but the longer Glu, Lys,
and Arg side chains are inhibited-by their length.

The amino side residues are also listed in Table 1 in order of
their deamidation-enhancing effect. Aithough a smaller effect,
this is easily distinguishable. This listing is approximately in the
order of number of peptide rates above and below the medians,
with allowances made for special structures. The order found is
qualitatively similar to that of the carboxyl side.

Some special effects are notable. For example, peptides with
paired nearest-neighboring basic and acidic residues, Glu-Asn-
Lys, Glu-Asn-Arg, Asp-Asn-Lys, and Asp-Asn-Arg, clearly stand
out as having deamidation half times about 50% higher than the
similar singular Glu, Asp, Lys, and Arg analogues. In contrast,
this same effect can be distinguished for Lys-Asn-Glu, Arg-Asn-
Glu, Lys-Asn-Asp, and Arg-Asn-Asp, but it raises deamidation
half times in these peptides only by about 10%. Detailed
discussion and mechanistic’ considerations of the deamidation
rates reported in Table 1 is beyond the scope of this report and
will be discussed elsewhere. .

The deamidation rates in Table 1 serve as a basis for the design

Table 2. Deamidation of rabbit muscle aldolase and mode!
peptides in 1.0 x 10~3 M peptide or protein, 0.15 M
Tris-HCl, pH 7.4, and 37.0°C in the same solution

Peptide tipdays . k X 108 sec™!
Aldolase-lleuSerAsnHisAlaTyr 9.4 085
GlySerAsnHisGly o . 8.3 0.97
Aldolase-AlaleuAlaAsnSerLeuCysGInGlylLys More than 150 days

: 11.4 0.70

GlyAlaAsnSerGly

948 | 'www‘.pnas.org

of model peptides appropriate for the separation of primary,
secondary, tertiary, and quaternary structure effects in experi-
ments on proteins. Used in combination with the protein de-
amidation measurement technique exemplified in Table 2, they
are suitable for the evaluation of nearest-neighbor sequence
effects. Effects have also been observed from functional groups
farther removed from Asn and from chain elongation (25). We
are now maintaining a supply of the 800 possible Gly-Xxx-Asn-
Yyy-Gly and Gly-Xxx-Gln-Yyy-Gly peptides and 113 other
amide-containing peptides in our laboratory and are interested
in making them available without cost to investigators wishing to
make use of these peptide models in the comparative evaluation
of deamidation of specific proteins.

Conclusions

The values reported in Table 1 strengthen the hypothesis that
deamidations of peptide and protein amides serve as ubiquitous
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Fig. 4. Distribution function of deamidation half times for the 306 aspar- -

aginyl pentapeptides of the type Gly-Xxx-Asn-Yyy-Gly listed in Table 1. Half
times are for 1.0 X 1073 M peptide in 0.15 M Tris:HCl, pH 7.4, and 37.0°C.
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and versatile clocks for the timing of biological events. A
necessary-condition of this hypothesis is that amide clocks be
available that are suitable for the timing of events throughout the
useful range of biological processes. Although the evidence for
_ this was good (3) on the basis of the approximately 30 asparaginyl

peptides and 30 glutaminyl peptides previously synthesized and
measured, it is far more robust now that a complete sét:of
nearest-neighbor rates is becoming available. Fig: 4 shows that an
abundance of nearest-neighbor asparaginyl sequences are avail-
able. between deamidation half times .of 1 day and 1 year.
Glutaminyl sequences extend this range to more. than 10
years (3). : _

Therefore, near-neighbor variations .in combination with se-
quence effects of residues farther away in the peptide chain (25)
and three-dimensional effects from secondary, tertiary, and
quaternary structure surely provide a versatile set of deamida-

tion rates suitable to the durations of most biological processes.

There is an additional possibility regarding protein alteration
and turnover. Amides may serve as molecular indicators that the
integrity of each protein molecule has been maintained. Because
deamidation rates are suppressed by three-dimensional struc-
tures that impede the deamidation reaction, amides contained in
these structures may serve as indicators that the structures are
still intact. If an individual molecule is altered, deamidation
within the altered region may then set off catabolism of that
molecule or some other corrective process, or the altered region
may deamidate to form a peptide or protein with a new function.

It is likely that the lifetime of a set of protein molecules is
determined at the time of synthesis, perhaps through deamida-
tion, as a useful compromise between the time it is expected to
remain intact and useful to the organism and the effort that will
be required to resynthesize it. For some proteins, of course, the
time will be adjusted to remove the protein after it has completed
its work because its continued existence would be harmful.
Molecular clocks are needed, rather than molecule-by-molecule
evaluation of proteins within the living system, because the wide

1. Robipson, A. B., McKerrow, J. H. & Cary, P. (1970) Proc. Natl. Acad. Sci. USA
66, 753-757.
. Robinson, A. B. (1974) Proc. Natl. Acad. Sci. US4 71, 835-888.
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9. Robinson, A. B.; McKerrow, J. H. & Legaz, M. (1974) Int. J. Pept. Protein Res.
6, 31-35.
10. Robinson, A. B. & Scotchler, J. W. (1974) Int. J. Pept. Protein Res. 6, 279-282.
11. Geiger, T. & Clarke, S. (1987) J. Biol. Chem. 262, 785-794.
12. Scotchler, J. W. & Robinson, A, B. (1974) Anal. Biochem. 59, 319-322.
 13. Robinson, A. B. & Scotchler, J. W. (1973) J. Int. Res. Commun. 1-8, 8.
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variety of forms arising as the molecules age would be so great
as to overwhelm even the versatility of a well-developed immune
system. In addition to preprogrammed obsolescence, however,
the possibility that amide evaluators in specific regions of each
molecule may be keeping watch over the integrity of their regions
should be considered.

Moreover, in some cases, deamidated peptides and proteins
may have special biological functions wherein timed deamida-
tion controls their delivery to the biological system. In these
instances, which could control ordinary homeostatic functions or

those related to timed processes such as development or aging, -

deamidation would serve as a functional molecular clock rather
than a terminal marking clock.

Only a few biological events have been definitively shown to
be regulated by amide molecular clocks. This is not surprising,
because such demonstrations have, so far, required laborious and
sophisticated experimentation. The original reasoning from
which this hypothesis arose about 30 years ago (1-4) remains
intact and is as follows.

The static properties of asparaginyl and glutaminyl residues
are not unique and can be easily duplicated by some of the other
18 commonly occurring amino acid residues or others that might
be used. The disruptive effect on peptide and protein structure
from deamidation reactions, which introduce postsynthetic
charged residues, is so great that, were they not especially useful,
these amide residues would not be widely present in peptides and
proteins. Therefore, it is likely that the instability of asparaginyl
and glutaminyl residues is their primary biological function, and
that they serve as easily programmable molecular clocks for the
timing of biological processes (1-4).
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Medicine for financial support.
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A method for the quantitative estimation of instability with re-
spect to deamidation of the asparaginyl (Asn) residues in proteins
is described. The procedure involves the observation of several
simple aspects of the three-dimensional environment of each Asn
residue in the protein and a calculation that includes these obser-
" vations, the primary amino acid residue sequence, and the previ-
ously reported complete set of sequence-dependent rates of de-
amidation for Asn pentapeptides. This. method is demonstrated
and evaluated for 23 proteins in which 31 unstable and 167 stable
Asn residues have been reported and for 7 unstable and 63 stable
Asn residues that have been reported in 61 human hemoglobin
variants. The relative importance of primary structure and three-
dimensional structure in Asn deamidation is estimated.

biological clocks | proteins

he spontaneous deamidation of glutaminyl and asparaginyl

residues causes experimentally. and biologically important
changes in peptide and protein structures. In asparaginyl deami-
dation, the primary reaction products are aspartyl and isoaspar-
tyl. Early work on peptide and protein deamidation (1-10)
established that deamidation occurs in vitro and in vivo and
depends on primary sequence, three-dimensional (3D) struc-
ture, pH, temperature, ionic strength, buffer ions, and other
solution properties.

It was hypothesized (3, 5, 7) and then experimentally demon-
strated (2, 8, 9, 11) that deamidation can serve as a biologically
relevant molecular clock that regulates the timing of in vivo
processes. Substantial evidence supports the hypothesis that Asn
deamidation at neutral pH proceeds through a cyclic imide
reaction mechanism (12-14).

A procedure is needed whereby the stability of individual
amides in peptides and proteins can be reliably estimated.
Although it was evident to investigators 30 years ago (2-7) that
protein deamidation rates depend on primary, secondary,
tertiary, and quaternary protein structure, and numerous
examples have been found, it was not possible to devise a useful
deamidation prediction procedure until a complete library of
deamidation rates as a function of primary sequence was

" available.

A suitable library of sequence-determined Asn rates has now
been published (15), and the relevance of this library has been
established (16). These rates can now be combined with 3D data
to provide .a useful deamidation prediction procedure. Each
amide residue has an intrinsic sequence-determined deamida-
tion rate, which depends on charge distribution, steric factors,
and other -aspects of peptide chemistry. This primary rate is
modulated by 3D structure, which usually slows the rate. In a few
instances, it increases the deamidation rate.

We have devised a simple procedure that is useful for pre-
dicting the relative deamidation rates of most protein Asn
residues. We have tested this procedure on a complete set of all
proteins for which, during a review of the literature, we found
experimerits specifically -identifying one or more labile Asn
residues in a. protein and also a suitable 3D structure for that
same protein. Although- our procedure assumes that deamida-

www.pnas.org/cgi/doi/10.1073/pnas.071066498

tion proceeds through a cyclic five-membered imide formed by
reaction of the Asn amide side chain with the nearest carboxyl-
side peptide bond nitrogen, it would likely give good results even
if the actual mechanism were different.

When sequence-dependent rates of deamidation first became
available (3-10), it was found that most protein deamidation
rates were slower than those of corresponding model peptides,
except in protein amides located in especially flexible regions
such as those that initiate the in vivo turnover of cytochrome C
(2, 8) and aldolase (9, 11). Deamidation suppression of Asn in
a-helices has been demonstrated (15-17), and it is evident that
Asn deamijdation generally depends on 3D freedom in the
peptide chain.

We have limited this Asn deamidation prediction procedure to
3D observations that can easily be made with an ordinary
personal-computer-based 3D protein structure viewer and 1-2
hours of work per protein without special computer programs or
other aids. Subtle or complicated 3D effects have, therefore,
been omitted. Although it is to be expected that sophisticated
computerized procedures for this purpose will eventually be
devised, there are not yet sufficient experimental data with
which to calibrate such procedures.

Materials and Methods

Selection of Proteins. All reports of Asn deamidation in proteins
wherein investigators identified the specific deamidating Asn
residue were gathered from the Medline and Citation Index
databases. The Brookhaven Protein Data Bank (http://
www.rcsb.org/pdb) was then searched for a 3D structure that
was identical in protein biological type and primary sequence to
each protein in which deamidation had been reported. Every
protein for which we found a suitable deamidation report and a
corresponding 3D structure is included herein. None have been
omitted.

In addition, 44 human hemoglobin mutations that convert
another residue into Asn and 16 mutations that change the
residue on the carboxyl side of one of the 10 wild-type Asn
residues have been reported. This set of 70 Asn residues, of which
7 have been reported to deamidate, is included.

The selected proteins and their Brookhaven Protein Data
Bank identification numbers are: rabbit aldolase 1ADO (11, 18),
human angiogenin 1B11I (19, 20), bovine calbindin 41CB (21, 22),
pig cAMP-dependent protein kinase 1CDK (23, 24), horse
cytochrome C 2GIW (NMR) (25, 26), mouse epidermal growth
factor 1IEGF (NMR) (27, 28), rat fatty acid-binding protein
1LFO (29, 30), human fibroblast growth factor 2AFG (31, 32),
Aspergillus ‘awamorii glucoamylase 3GLY (33, 34), human
growth hormone 1HGU (35, 36), human hemoglobin 1A3N
(37-44, 45), Escherichia coli Hpr-phosphocarrier protein 1THDN
(NMR) (46, 47), human hypoxanthine guanine phosphoribosyl

Abbreviation: 3D, three-dimensional.
*To whom reprint requests should be addressed. E-mail: art@oism.org.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | April 10,2001 | vol. 98 | no.8 | 4367-4372

>
[+
-
4]
=
o]
=
v
e
@




transferase 1BZY (48, 49), human insulin 2HIU (NMR) (50, 51),
mouse interleukin 18 2MIB (52, 53), human interleukin 2 3INK
(54, 55), chicken lysozyme 1E8L (NMR) (56, 57), bovine ribo-
nuclease A 1AFK (58, 59), Ustilago sphaerogena ribonuclease U2
1IRTU (60, 61), bovine seminal ribonuclease 11BG (62, 63),
human T cell surface protein CD4 1CDJ (64, 65), human
thioltransferase 1JHB (NMR) (66, 67), human triosephosphate
isomerase 1HTI (68, 69), and bovine trypsin IMTW (70, 71).

Trypsin is included, but the reported (70) relative Asn insta-
bilities are unsuitable. Trypsin was incubated in solution for 1
year while the solution was differentiated through crystal growth
into a homogenous fraction that exhibited deamidation at three
positions. No deamidation measurements on an undifferentiated
solution were reported.

Selection of 3D Parameters. A set of observations of the 3D

environment of each Asn was selected. This set included .

positions with respect to a-helical or B-sheet regions, hydrogen
bonds to the Asn, other hydrogen bonds inhibiting formation
of a succinimide intermediate, and relative freedom of the Asn
peptide backbone. These observations were made and tabu-
lated by one of us (N.E.R.) before any calculations were
carried out. The tabulated observations were not changed
after calculations began. The observations were made with
SWISS PROTEIN DATA BANK VIEWER software, StereoGraphics
ENT B and CE-3 viewer hardware (StereoGraphics Corp.,
San Rafael, CA) and a Pentium IIT computer with MICROSOFT
NT 4.0.

The deamidation coefficient, Cp, is defined as Cp = (0.01)
(t12)(e/Cm Cs W), where 1155 is the pentapeptide primary struc-
ture half life (15), Cp, is a structure proportionality factor, Cs, is
the 3D structure coefficient for the nth structure observation, S,
is that observation, and f(Cn, Cs, Sa) = Cu[(Cs)(S1) +
(Cs)(S2) + (Cs)(S3) — (Cs,)(S)/(Ss) + (Cs)(Ss) +
(Cs)(S7) + (Cs)(Ss) + (Cs,)(S9) + (Cs, )1 — S10) +
(Cs )5 — S11) + (Cs ,)(5 — S12)]. The structure observations,
S, were selected as those most likely to impede deamidations,
including hydrogen bonds, o helices, B8 sheets, and peptide
inflexibilities. The functional form of Cp assumes that each of
these structural factors is added to the reaction activation
energy.

The observed S,, were:

For Asn in an o-helical region:

§1 = distance in residues inside the o helix from the NH; end,
where S; = 1 designates the end residue in the helix, 2 is the
second residue, and 3 is the third. If the position is 4 or greater,
S1 = 0.

S, = distance in residues inside the « helix from the COOH
end, where S; = 1 designates the end residue in the helix, 2 is the
second residue, and 3 is the third. If the position is 4 or greater
or §1 # 0, then §, = 0.

83 = 1if Asn is designated as completely inside the « helix,
because it is 4 or more residues from both ends. If the Asn is
completely inside, S5 = 1,51 =0,and S, = 0. If Sy # 0 or S» #
0, then S3 = 0.

For flexibility of a loop including Asn between two adjacent
antiparallel 8 sheets:

S4 = number of residues in the loop

Ss = number of hydrogen bonds in the loop. §s =
definition.

For hydrogen bonds:

S5 = the number of hydrogen bonds to the Asn side chain
C=0 group. Acceptable values are 0, 1, and 2.

§7 = the number of hydrogen bonds to the Asn side chain NHZ
group. Acceptable values are 0, 1, and 2.

Sg = the number of hydrogen bonds to the backbone N in the
peptide bond on the COOH side of Asn. Hydrogen bonds

1 by
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counted in S or §7 are not included. Acceptable valties are 0 and
1. This nitrogen is used in the five-membered succinimide ring,

89 = additional hydrogen bonds, not included in Ss, .57, and Ss,
that would need to be broken to formr the succinimide ring.

For Asn situated so that no a-helix, -sheet, or disulfide bridge
structure is between the Asn and the end of the peptide chain:

S10 =1 if the number of residues between the Asn and the
nearest such structure is 3. or more. If the number of intervening
residues is 2, 1, or 0, or Asn not between structure and chain end,
then Sip = 0.

If the Asn lies near to any o-helix, B-sheet, or disulfide bridge
structures: '

Si11 = the number of residues between the Asn and the
structure on the NH, side, up to a maximum of 5. Values of 0,
1,2, 3, 4, and 5 are acceptable.

S12 = the number of residues between the Asn and the
structure on the COOH side, up to a maximum of 5. Values of
0,1,2,3,4, and 5 are acceptable.

Hydrogen bonds selected by the Swiss Protein Data Bank
(PDB) viewer were accepted if the bond length was 3.3 A or less, .
and there was room in the structure to accommodate the van der
Waals radius of the hydrogen. The Swiss PDB viewer, according
to the customary criteria, selected « helices and f sheets. All
primary structure £, values were those published (15), except
for Asn with carboxyl-side Pro, Asn, or Gln and N-glycosylated
Asn. We used estimated values of 11, of 500, 40, 60, and 500 days
for Asn-Pro, Asn-Asn, Asn-Gln, and N-giycosylated Asn,
respectively.

Optimization of the Coefficient of Deamidation. C, values were
optimized (72, 73) by using various values for Cr, and Cs, to
maximize the value of the deamidation resolving power, Dp. The
optimized values were Cr, = 0.48, Cs, = 1.0, Cs, = 2.5, Cs, =
10.0, Cs,, = 0.5, Cs, = 1.0, Cys, = 1.0, ng = 3.0, Cs, = 2.0,
Cg‘m = 20 Cs‘u = 0. 2 and Cslz .

For example, the B-Lys-Asn 145-His sequence of hemoglobin
is not in an « helix or in a loop between two B sheets, so
S1 through S4 = 0, S5 = 1. There is one hydrogen bond to the
amide side chain nitrogen and one other to be broken to form
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resolving power (Dp).
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Fig.2. Tabulation and calculation as in Fig. 1, but by using only the primary
structure part of the coefficients Cp. G = 0.

the imide, but there are none to the amide carboxyl or the back-
bone nitrogen, so S¢ = 0, S7 = 1, Ss = 0, and Sy = 1. This Asn
is near the carboxyl end of the chain and one residue from an
a-helix on the amino side, so S;p = 0, $1; = 1, and S§32 = 5.
The Gly-Lys-Asn-His-Gly half life (15) is 10.5 days. There-
fore, Cp = (0.01)(10.5)e@4OMM+DM+@-0+EIW] =
(0.105)e®*®E8) = (0.105)(16.184) = 1.70.

The Dp calculation method as developed previously for the
evaluation of quantitative procedures in diagnostic medicine (72,
73) was used as illustrated in Figs. 1-3. A total of 264 Asn
residues listed in Tables 1 and 2 were arranged in order of
calculated Cp values and then divided into all possible two group
sets arising from division at all possible Cp values. The errors at
these division points for the optimized parameters are graphed

Three-Dimensional
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Fig. 3. - Tabulation and calculation as.in Fig. 1, but by using only the 3D
structure part of the coefficients Cp. All t12-= 1.
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in Fig. 1. Figs. 2 and 3 show graphs for primary structure and 3D
structure alone. If “the classification of Asn stabilities were
perfect, then the graphs in Figs. 1-3 would be straight lines along
the axes, appearing as points in the origin. If there were no
correlation between the calculations and the experimental data, the
graphs would be along the diagonal lines. Dp is defined as the
percentage of the area between the diagonal and the origin that has
been successfully removed by the deamidation estimation
procedure. , .

Two of the hemoglobin Asn mutations involve large undeter-
mined structural changes in the protein, one by a frame-shift and
the other causing the loss of the heme group, so suitable 3D
criteria could not be tabulated. 3D effects apparently markedly
accelerate deamidation of Asn 54 in cytochrome C and Asn 88
in interleukin 2. These four Asn were not used in calculating Dp.

Reliability of the Coefficient of Deamidation. In addition to Dy, the
Asn ranks within each protein as shown in Table 1 are especially
interesting because these ranks avoid the complication that the
different proteins were subjected to a wide variety of differing
deamidating conditions. Alt 70 Asn in the hemoglobin set shown
in Table 2 were incubated in vivo at 37°C for an average of 60 days
in human blood.

Although the Asn residues designated as deamidating have
been reported from experiments, those designated as undeami-
dating depend on negative results. In many cases, ammonia
evolution or protein separation experiments have shown that
additional unstable amides are present in these proteins. This is
reflected in the asymmetry seen in Fig. 1, wherein some of the
“% deamidated Asn incorrect” at low Cp values are probably
correctly assigned but not yet reported. We expect that some of the
Asn residues- listed in Tables 1 and 2 with low Cp values will
eventually be found to significantly deamidate.

The values of Cp depend on 18 x-ray diffraction and 6 NMR
structures. Although the deamidation of aldolase Asn-360 is
known to be entirely sequence controlled in vivo and in vitro with
no 3D suppression (9, 15, 16), the x-ray crystal structure shows
one suppressing hydrogen bond. This aldolase Cp, is, therefore, 0.22.
It should be 0.08. Solution structures are best used when available.

Multiplication of the coefficient of deamidation (Cp) by 100
provides a semiquantitative prediction of Asn deamidation
half times in 37°C, pH 7.4, 0.15 M Tris-HCl buffer, even though
Cp does not inciude all aspects of 3D structure. Table 3 lists
those proteins for which experimental deamidation half times
at 37°C, pH at or near 7.4, but with a wide range of buffer types
and solution properties have been reported (2, 31, 39, 50,
74-78) vs. the corresponding values of (100)(Cp) for those
Asn. The overall differences in Table 3 are well within the
range expected from variations in buffer type and other solvent
conditions.

It is customary to guess which Asn residues may easily
deamidate on the basis of primary structure. With the complete
rate table (15) and 33 of the deamidating Asn residues in our
data set, the sequence assumptions that these types of Asn
residues easily deamidate are 49% in error even in the very
unstable Asn-Gly sequences, 70% in the Asn-Ser and Asn-His
sequences, 83% in Asn-Ala and Asn-Asp, and 91% in Asn-Gln,
Asn-Lys, and Asn-Tyr. The converse nondeamidation assump-
tions are 51%, 30%, 17%, and 9% in error, respectively (see Fig.
4). In comparison, Fig. 1 shows that a division criterion of Cp =
3 leads to less than 6% error in classification of all easily
deamidating and all relatively stable Asn residues, simulta-
neously. A criterion of Cp = 5 includes 100% of deamidating Asn
residues, except for Asn 54 in cytochrome C and Asn 88 in
interleukin 2. 8
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Table 1. Ordered deamidation coefficients and experimentally determined deamidating Asn residues in 23 proteins

Aldolase Fatty Acid Binding
Ser-Asn360-His Protein
Thr-Asn119-Gly Phie-Asn105-Gly

Gln-Asn180-Gly
Pro-Asn231-Met

Asp-Asn89-Lys
His-Asn61-Glu

Ala-Asn334-Ser Met-Asn2-Phe .
Leu-Asn284-Ala Thr-Asnl11-Thr 159
Glu-Asnl66-Ala Glu-Asni4-Phe 202
Glu-Asn50-Thr 0.32
Tle-Asn282-Leu Fibroblast Growth
Glu-Asn319-Len Factor

Tle-Asn287-Lys
Val-Asn70-Pro
Ala-Asnl68-Val
Glu-Asn54-Arg

Angiogenin
Lys-Asn61-Gly

Ser-Asnl18-Gly
Gly-Asn7-Tyr
Lys-Asn114-Gly
Phe-Asn2-Leu
Glu-Asn92-His
Pro-Asn80-Glu
Lys-Asn106-Trp

Glu-Asn109-Gly Tyr-Asn95-Thr
Asp-Asn3-Ser
Gly-Asnd9-Lys Glucoamylase

Glu-Asn59-Lys
He-Asnd3-Thr
Gly-Asn63-Pro
Glu-Asn68-Leu
Arg-Asnl02-Val

Val-Asn181-Gly
Arg-Asn69-Gly

Tyr-Asn313-Gly
Asp-Asnl45-Gly
Ser-Asn395-Gly
Trp-Asn171-Gln

Calbindin Ala-Asn236-Phe
Lys-Asn56-Gly - 0.03 Phe-Asn110-Val
Pro-Asn21-Gln 8.01 Arg-Asnd30-Ser

0.03 Leu-Asn292-Asp

c¢AMP-Dependent
Protein Kinase
Gly-Asn2-Ala

Gly-Asn315-Pro
Asp-Asn45-Pro
Ala-Asn277-His

Ile-Asn340-Glu 1.53 Thr-Asn247-Thr
Gly-Asn67-His 4.28 Leu-Asn20-Asn 99.9
Gly-Asn283-Leu 115 Ala-Asnd26-Asn 127
Val-Asn99-Phe 11.9 Ser-Asn9-Glu 189
Gln-Asn36-Thr 127 Asn-Asnd27-Arg 190
Tyr-Asn216-Lys 233 Ser-Asn93-Pro 192
Ser-Asn326-Phe 39.2 Asn-Asn21-Tle 241
Val-Asti289-Asp 40.7 Arg-Asnl61-Asp 465
Lys-Asn293-His 42.4 0.18
Asp-Asn113-Ser 53.9 Growth Hormone
Glu-Asn32-Pro 89.1 His-Asnl52-Asp
Leu-Asn90-Glu 180 Thr-Asn149-Ser
Arg-Asn271-Leu 251 Ala-Asn99-Ser
Ser-Asnl15-Leu 275 Ser-Asn63-Arg 4.07
Glu-Asnl71-Leu 413 Gln-Asnl2-Ala 128
Ser-Asn72-Leu 170
Cytochrome ¢ Lys-Asn159-Tyr 496
Thr-Asnl103-Glu 0.34

Pro-Asn31-Leu

Insulin . Ribonuclease-U2
B-Val-Asn3-Gln 117 Tyr-Asn68-Gly
A-Cys-Asn21 6.06 fif Ala-Asn32-Gly
A-Glu-Asn18-Tyr 115 Asp-Asn77-Tyr 12.5
-0.97  Ser-Asnl6-Asp 36.8
Interleukin 1 Thr-Asn8-Cys 85.7
Leu-Asn32-Gly 0.0 Thr-Asn91-Thr 131
Asn-Asn137-Ser 0.93 Gly-Asnl2-val <132
Gly-Asn136-Asn - L69° Asp-Asn38-Tyr 145
Tle-Asn37-Gln 13 Tle-Asn20-Thr 147
Ser-Asn53-Asp 22.8 0.13
Lys-Asn66-Len 55.4  T-Cell Surface
Pro-Asn119-Trp 433 Glycoprotein CD4
Gln-Asn33-Ile 550 Leu-Asn52-Asp
Phe-Asnl102-Lys 780 Lys-Asn30-Ser

. 0.04 Ala-Asn103-Ser
Interleukin 2 '

Lys-Asnl37-Ile
Asn-Asn30-Tyr 9.01 " Gly-Asn66-Phe
Lys-Asn77-Phe 45.6 GIn-Asn164-Gln
Leu-Asn26-Gly - 125 Ser-Asn32-Gln
Ile-Asn29-Asn 127 Lys-Asn73-Leu
Leu-Asnl19-Arg 197 Gly-Asn39-Gin
Leu-Asn71-Leu 239
Lys-Asn33-Pro 702 Thioltransferase
Ile-Asn90-Vat 936 Thr-Asn51-His
Ser-Asng8-Tle [2362 ]+ Thr-AsnS5-Glu

6.21 Val-Asn7-Cys
Lysozyme
Gly-Asn103-Gly Triose Phosphate
Met-Asnl06-Ala Isomerase
Tle-Asn59-Ser X Thr-Asn71-Gly
Arg-Asnl13-Arg 7.43 Met-Asnl5-Gly
Arg-Asnd6-Thr 11.5 Gln-Asn65-Cys . 4.85
Asp-Asnl9-Tyr 15.2 He-Asn245-Ala
Arg-Asn74-Leu 22.8 Gly-Asnl1-Trp
Thr-Asnd4-Arg 23.8 Asp-Asn153-Val
Phe-Asn39-Thr 474 Leu-Asn29-Ala
Cys-Asn65-Asp 60.1 Ser-Asnl95-Val
Val-Asn93-Cys 201
Gly-Asn27-Trp 245 Trypsin
Cys-Asn77-lle 211 Leu-Asnl15-Ser
Ser-Asn37-Phe 807 Tyr-Asn95-Ser
0.05 Ile-AsndB-Ser

Ribonuclease-A Leu-Asn34-Ser
Lys-Asn67-Gly Ser-Asn97-Thr
Ser-Asn24-Tyr Lys-Asn223-Lys
Val-Asn44-Thr Ser-Asn245
Ala-Asnl03-Lys Ala-Asn25-Thr
Thr-Asn71-Cys Leu-Asnl00-Asn
Pro-Asn94-Cys Gly-Asn143-Thr

Lys-Asn62-Val
Gly-Asnl13-Pro
Arg-Asn34-Leu

Gly-Asn79-Glu
Asp-Asn72-Ile
Tle-Asn74-Val

Lys-AsnS4-Lys IENEE Hypoxanthine Guanine Cys-Asn27-Gln Ser-Asnl79-Met
Ala-Asn52-Lys 749 Phosphoribosyl- Cys-Asn233-Tyr
Glu-Asn70-Pro 1310 transferase Asn-Asn101-Asp 537
0.64 Cys-Asnl06-Asp j - Ribonuclease Seminal 0.42
Epidermal Growth Leu-Asn202-His 7.31 Lys-Asn67-Gly ! Phosphocarrier Protein -
Factor Pro-Asn25-His 8.33 Gly-Asnl7-Seér Hpr :
Leu-Asnl6-Gly Lys-Asnl28-Val 16.8 Thr-Asn71-Cys Pro-Asnl12-Gly
Asnl-Ser Arg-Asn87-Ser 454 Val-Asnd4-Thr Ser-Asn38-Gly
Cys-Asn32-Cys Tyr-Asn195-Glu 80.5 Pro-Asn94—Cys
Tyr-Asn153-Pro 89.1 Cys-Asn27-Leu
Leu-Asn85-Arg 1344 Ser-Asn24-Tyr 787
145 0.25
Squares designate Asn reported as deamidated. ___ designates Deamidation Index, /p.

*These two unshaded squares designate unusual protein structures that accelerate deamidation.
*Uses primary tyz from ref. 8.

**+Uses primary ti from ref. 16.

Deamidation Index. The initial deamidation of a protein at neutral
pH causes a unit decrease in charge. We define Ip =
[Z(Cp,) 1]}, where Cp, is Cp for the nth Asn residue, as the
protein “deamidation index.” Therefore (100)(/p) is an estimate
of the initial single-residue deamidation half time for the protein
with all Asn residues considered, as-shown in Tables 1 and 2.
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Results and Discussion

This calculation method, based on the Sequence—controlled
deamidation rates of Asn model peptides and simple aspects of
the Asn 3D environment in proteins, permits a useful estimation

" of the instability with respect to deamidation of Asn in proteins.
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Table 2. Ordered deamidation coefficients for 70 Asn residues in
wild-type and mutant human hemoglobins and experimentally
determined deamidating Asn residues

Hemoglobin - 7.78

a-Ser-Asn30-Gly B-Val-Asn61-Ala . 141
p-Leu-Asn82-Gly a-Val-Asnll-Ala 141
o-Pro-Asn78-Gly B-Gly-Asn108-Met 160
p-Lys-Asnl145-His B-Ala-Asn139-Asp 164
B-Asp-Asn80-His B-Gly-Asni7-Val 177
B-Val-Asn19-Gly B-Ala-Asn139-Thr .223
B-Ser-Asn73-Gly B-Asp-Asn80-Arg 240
B-Ala-Asn63-Gly B-Gly-Asn65-Lys : 247
a-Val-Asn56-Gly a-Gly-Asn60-Lys - 247
a-Pro-Asn78-Ala a-Asp-Asn7-Thr 269
a-Len-Asn87-Ala B-Pro-Asn59-Val 274
a-Asp-Asn7/5-Met B-Leu-Asn92-Cys it
a-Phe-Asnd7-Leu B-Leu-Asn89-Glu 29
B-Gly-Asn120-Glu B-Asp-Asn80-Len 305
B-Val-Asn21-Glu B-Gly-Asn108-Leu 330
a-Val-Asn74-Asp B-His-Asn117-Phe 370
a-Pro-Asn78-Thr a-Val-Asn133-Thr 414
B-Asp-Asn80-His a-Leu-Asn126-Lys 498
B-Ala-Asnl43-Lys a-Ser-Asn85-Leu 564
B-Leu-Asn79-Asn a-Asp-Asnl27-Phe 581
p-Cys-Asn94-Lys B-Glu-Asn102-Phe 582
B-Ser-Asn52-Ala f-Val-Asni9-Val 600
a-His-Asn90-Leu B-Gly-Asn108-Val 711
B-Gly-Asnd7-Leu a-Ala-Asn6-Lys 749
B-Pro-Asn52-Ala o-Val-Asn94-Pro 892
B-Tp-Asn38-Gln B-Glu-Asn102-Leu 1077
a-Thr-Asn68-Ala - B-Val-Asn99-Pro 1081
a-Ser-Asn139-Thr a-Thr-Asn9-Val 1215
B-His-Asn144-Tyr a-Lys-Asn61-Val 1262
B-Asp-Asn95-Leu B-Ala-Asn139-Val 1303
a-Ala-Asnb4-Ala 115 B-Gly-Asn57-Arg 1313
B-Ala-Asn139-Ala 115 B-Gln-Asn132-Val 2155
a-Val-Asn97-Phe 131 B-Glu-Asn102-Ile 2312
B-Val-Asn19-Glu 134 . o-Gly-Asn16-Val 2360
B-Val-Asn19-Met 135 B-Gly-Asn57-Pro 2690

*Frame-shift mutation and **heme loss mutation, so 3D structures are un-
known, and Cp derived from wild-type hemoglobin is not applicable. Squares
designate Asn reported as deamidated. ___ designates wild-type deamida-
tion index, /Ip.

For a diverse group of protein types, this method is at least 94%
reliable, as illustrated in Fig. 1. This reliability is underestimated,
because the evaluation in Fig. 1 considers all of these protein amides
simultaneously even though their deamidations were observed
under a wide variety of experimental conditions. Moreover, some
experimentally known Asn instabilities in these proteins have not
yet been characterized, so the data used in Fig. 1 incorrectly classify
some Asn as stable that are actually unstable.

When used to determine the reportedly most unstable Asn
residues within a single protein as illustrated in Tables 1 and 2,
this method correctly identifies the most unstable Asn residue

Table 3. Deamidation half times in days at 37°C, pH 7.4 vs.
- estimates by (100)(Cp)

Experimental* Calc (100)(Cp)

Hpr-phosphocarrier protein (Asn-38) 10 57
Angiogenin (Asn-61 and Asnh-109) 237 175
Hemoglobin (a-Asn-50) 25 18
Growth hormone (Asn-149 and Asn-152) 297 438
Hpr—phosphocarrier protein (Asn-12} 31 21
Triose phosphate isomerase (Asn-71) 38 78
Hemoglobin (B-Asn-82) 42 19
Fibroblast growth factor (Asn-7) 60 64
Hemoglobin (3-Asn-80) VA 173
. Ribonuclease A (Asn-67) . 64 851
117

Insulin (B-Asn-3) 135

*Buffer/conditions vary. pHs at or close to 7.4.
Reported rate for sum of both Asn residues.
*Buffer (Tris) identical to that of model peptides used to calculate Cp.

Robinson and Robinson,
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Fig.4. Percentages of deamidating Asn residues listed in Tables 1 and 2 that
would be correctly guessed by simply assuming that Asn residues with COOH-
side Gly, His, Ser, Ala, Asp, GIn, Lys, or Tyr deamidate vs. average pentapeptide
deamidation half times (15) for those specific Asn sequences.

for 31 of 36 residues in 24 proteins and, in 4 of the remaining 5
cases, is in error by only one residue.

This method does not allow for special 3D structures that
change deamidation rates in unusual ways. There are still too few
reported. instances of these to permit their theoretical estima-
tion. In two Asn sequences encountered here, Lys-Asn 54-Lys in
cytochrome C and Ser-Asn 88-Ileu in interleukin 2, the reported
experimentally determined protein rates are faster than the
sequence determined rates. Also, in two instances, Met-Asn
15-Gly in triosephosphate isomerase (79) and Lys-Asn 54-Lys (7)
in eytochrome C, deamidation takes place after a prior deami-
dation of the protein changes the structure in an accommodating
way. Although this calculation method cannot predict these
special effects, it aids in their recognition.

Finally, this procedure provides a semiquantitative answer to
a previously unanswered question. What are the relative con-
tributions to deamidation rates in proteins from primary strue-
ture and 3D structure? Figs. 1-3 serve as a reasonable basis for
estimating that Asn deamidation in proteins is, on average,
determined approximately 60% by primary structure and 40% by
3D structure. These percentages apply to 3D effects that dimin-
ish deamidation rates below those of primary structure alone. In
2 cases out of 36—about 6% of deamidating Asn and 1% of all
Asn examined here—3D structure is reported to actually accel-
erate deamidation.

These calculations demonstrate that most deamidation rates
of Asn residues in proteins are approximately equal to the
sequence-controlled rates modulated through slowing by 3D
structure. The modulated values can be estimated by a remark-
ably simple calculation. We are now experimentally determining
a complete deamidation rate table for Gln residues in pentapep-
tides, which should allow a similar treatment for Gln residues in
proteins. Values of Ip and Cp for many other proteins are
available at www.deamidation.org.
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