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Abstract

Spontaneous deamidation of asparagine is a non-enzymatic post-translational modification of 

proteins. Residue Asn 321 is the main site of deamidation of the Drosophila melanogaster Hox 

transcription factor Sex Combs Reduced (Scr). Formation of iso-aspartate, the major deamidation 

product, is detected by HNCACB triple-resonance NMR spectroscopy. The rate of deamidation is 

quantified by fitting the decay of Asn NH2 side-chain signals in a time-series of 15N-1H HSQC 

NMR spectra. The deamidated form of Scr binds to specific DNA target sequences with reduced 

affinity as determined by an electrophoretic mobility shift assay.
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Introduction

Asparagine (Asn) residues in proteins are prone to deamidation, isomerization, racemization, 

and peptide bond cleavage, under physiological conditions in the absence of enzymatic 

catalysis [1; 2]. Deamidation to form aspartate or iso-aspartate (isoAsp) is the most common 

Asn modification. Conversion of Asn to Asp or isoAsp introduces one additional negative 

charge into the protein. In addition, iso-aspartate forms a non-native β-peptide backbone 

linkage through the γ-carboxylate, rather than the α-carboxylate [3]. At pH > 5, 

deprotonation of the backbone amide nitrogen (NH) carboxyl to an Asn residue generates a 

nucleophile that attacks the side chain carbonyl group to yield a cyclic tetrahedral 

intermediate. Subsequent elimination of ammonia yields a succinimide intermediate. 

Hydrolysis of this intermediate on either side of the cyclic imide nitrogen yields isoAsp or 

Asp with an isoAsp:Asp ratio of 3:1 [1]. The deamidation reaction rate is sensitive primarily 
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to the identity of the amino acid residue that is C-terminal to the Asn residue, Asn-Xxx, in 

which Xxx is any residue but proline, with the fastest rate observed for Xxx = Gly, because 

the amino acid side chain of other residues sterically hinders encounter between the Asn side 

chain and the backbone amide nitrogen of residue Xxx [4; 5]. Deamidation also is fastest for 

Asn in labile regions of proteins and interactions that hinder mobility, such as tertiary 

structure, backbone rigidity, and hydrogen bonding, further reduce the reaction rate. 

Glutamine (Gln) residues are also susceptible to deamidation; however, the reaction usually 

is much slower and proceeds through a slightly different mechanism than for Asn [6]. 

Deamidation may have effects on protein structure and function by altering the protein 

backbone conformation through introduction of the β-peptide linkage, with an additional 

rotatable dihedral angle, and introduction of a negative charge. Deamidation has been 

associated with fibril formation [7; 8], age-related changes in crystalline proteins [9; 10], 

and targeted protein degradation [11].

Chazin and coworkers used NMR spectroscopy to identify isoAsp as a result of deamidation 

of Asn56 in calbindin D9k by means of 1H-1H nuclear Overhauser effects (NOE) [12]. This 

approach requires careful assessment of the intensities of NOESY crosspeaks characteristic 

of normal α-linked and variant β-linked peptide bonds. More recently, Kay and coworkers 

[13] demonstrated that the HNCACB experiment [14] allows facile identification of isoAsp-

Xxx peptide bonds, without the difficulties posed by quantifying NOESY cross peaks, 

because the signs of the inter-residue Cα
i−1 and Cβ

i−1 resonance peaks are inverted relative 

to the intra-residue Cα
i and Cβ

i resonance peaks in the N-H plane for the residue carboxyl to 

the site of deamidation. The coherence transfer pathways in the HNCACB experiment for 

normal α-linked and variant β-linked peptide bonds are shown in Figure 1.

Herein, the HNCACB experiment is used to detect deamidation of an Asn residue at position 

323 in the Drosophila melanogaster Hox transcription factor, Sex Combs Reduced (Scr; 

Fig. 2). The rate of deamidation is quantified by monitoring the decay of NH2 resonances in 

a time series of fHSQC spectra [15]. The approach definitively identifies isoAsp linkages, 

and other β-peptide moieties, and extends the application of NMR spectroscopy to the 

quantification of deamidation rates in proteins. As shown by an electrophoretic mobility 

shift assay, deamidation of Scr reduces its affinity for target DNA sequences in the presence 

of the cofactors Extradenticle and the HM isoform of Homothorax (Exd-HM).

Materials and Methods

Sample preparation

The protein used for NMR spectroscopy consisted of the Scr N-terminal extension and 

homeodomain, residues 298–385 and incorporated a Cys362Ser mutation. This construct is 

numbered from −26 to 62 so that residue +1 corresponds to the initial residue of the Scr 

homeodomain, Thr 324 (in this numbering, Asp 321 is denoted Asp (−3) and Glu 327 is 

denoted Glu 4). The mutant Asn (−3) to Asp mutant Scr was made by QuikChange 

mutagenesis (Stratagene). Scr was expressed from a pET-15b plasmid in E. coli BL21 (DE3) 

pLysS cells and purified by column chromatography, as described elsewhere [16], except 

that in some preparations, all purification steps were performed at T = 277 K and pH 7.0 to 

reduce the rate of deamidation. The His-tag was cleaved from the expressed protein using 
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thrombin. [U-13C, U-15N] and [U-15N] Scr was prepared in M9 minimal media prepared 

with 13C6 glucose and 15NH4Cl as necessary. NMR samples were 1 mM Scr in 10 mM 

HEPES buffer (pH 7.0) and 50 mM NaCl. Samples were analyzed by mass spectrometry to 

verify molecular weight and purity. Aged samples were left at room temperature for three 

weeks prior to assay.

NMR spectroscopy

All experiments were performed at T = 300 K on a Bruker DRX500 and DRX600 NMR 

spectrometers equipped with a cryogenically cooled triple-resonance probe. All spectra were 

processed in NMRpipe [17] and analyzed in Sparky [18]. Standard gradient-enhanced 

HNCACB spectra [14; 19] were acquired with 128 × 36 × 1024 complex points (13C × 15N 

× 1H) on the DRX500 spectrometer for the fresh (non-deamidated) Scr sample and with 100 

× 32 × 512 complex points (13C × 15N × 1H) on the DRX600 spectrometer for the aged 

(deamidated) protein sample. An HNCACB spectrum optimized for correlations to NH2 spin 

systems [20] was acquired on the DRX600 spectrometer with 128 × 36 × 1024 complex 

points (13C × 15N × 1H) for the assignment of Asn and Gln side chain amide moieties. 

Constant time 15N interferograms were extended by mirror-image linear prediction prior to 

apodization and Fourier transformation. Lorentzian-to-Gaussian apodization was used 

for 1H and Kaiser apodizations were used for 15N and 13C dimensions. Data were zero-filled 

twice in all dimensions. To measure the deamidation rate, fHSQC spectra [15] were 

collected on the DRX600 spectrometer at 5 h intervals for 5 days using 128 × 512 complex 

points for the 15N × 1H dimensions. Lorentzian-to-Gaussian apodization was used for 1H 

and Kaiser apodization was used for 15N dimensions. Data were zero-filled twice in all 

dimensions prior to Fourier transformation. Intensity decays were fit to single exponential 

functions to determine rate constants for deamidation using CurveFit (http://

www.palmer.hs.columbia.edu/software/curvefit.html). Uncertainties in rate constants were 

estimated from jackknife simulations.

DNA affinity

Binding affinities of fresh wild-type, aged wild-type, and mutant Scr were measured by 

electrophoretic mobility shift assay (EMSA). Reaction conditions used 86.5 pM DNA target 

sequence and 210 nM Exd-HM. The target sequence was the 40 base pair Fkh[250Con] (5’- 

GATCTCAATGTCAAGATTTATGGCCAGCTGTGGGACGAGG-3’) target site. Binding 

was carried out in 10 mM Tris pH 7.5, 50 mM NaCl, 1 mM MgCl2, 4% glycerol, 5 mM 

DTT, 0.5 mM EDTA, 0.2 mg/mL BSA and 50 mM poly(dI-dC) at room temperature for 20 

min. The extent of binding was assayed by gel shift on a 4% non-denaturing polyacrylamide 

gel run at a constant voltage of 100 V for approximately 1 hour. Gels imaged using a 

Typhoon Phosphorimager (Amersham).

Results

Strip plots from the HNCACB spectrum for the N-H plane of isoAsp(−3) and Gly(−2) are 

shown in Figure 2. As predicted by the coherence transfer pathways in Fig. 1, the 

isoAsp(−3) Cα
i−1 and Cβ

i−1 crosspeaks are inverted in the Gly(−2) N-H plane. With the 

exception of the sign inversion, backbone resonance assignments were established in the 
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usual approach using tripleresonance NMR spectra (not shown); most assignments are 

transferable from the unmodified species, because the reaction typically only perturbs the 

chemical shifts of residues in the vicinity of the affected Asn [12].

Although sequence specific assignments of Scr were obtained herein, the HNCACB 

spectrum can be used to detect deamidation without resonance assignments. In such cases, 

the probable sites of deamidation can be inferred by estimating the reaction half-time from 

primary sequence and 3D structure, if available, using the approach of Robinson et al. [4; 5]. 

For Scr, the Asn(−3)-Gly(−2) motif has a half-time predicted from sequence to be t1/2 = 1.05 

days, while the next most labile site, Asn(−5)-Ala(−4), has a predicted t1/2 = 27.5 days at pH 

7.4 and T = 310 K (Table 1). Thus, consistent with the resonance assignments, the predicted 

rates would suggest that Asn −3 is the likely site of deamidation. The difference between 

predicted and observed rates, presumably reflecting local structural restrictions in Scr, 

emphasizes that predictions in the absence of sequence assignments should be confirmed by 

site-directed mutagenesis.

The rate of deamidation in Scr was determined experimentally by monitoring the intensities 

of the NH2 resonance signals in a time-series of 1H-15N HSQC spectra recorded over a 

period of five days, using a freshly prepared 15N-labeled sample. Resonance assignments of 

the NH2 moieties were obtained using an NH2-HNCACB NMR experiment tuned for 

coherence transfer in secondary amide groups [20] together with backbone assignments 

derived from the conventional HNCACB spectrum. The resonance assignments for the 

resolvable resonances are shown in Figure 3. The signal intensities for selected side chain 

NH2 resonances are plotted as a function of time in Figure 4. The fitted decay rate constants 

are given in Table 1. Resonance intensities for only Asn −3 and Gln 4 NH2 side chains 

exhibit the largest decays over the course of the experiment. The significantly different 

values of t1/2 obtained experimentally, compared with the prediction from the amino acid 

sequence, reflects tertiary structural effects on the deamidation reaction in Scr.

Asn(−3) is three residues N-terminal to the start of the Scr homeodomain (HD). This region 

of the protein lies between the sequence YPWM, which interacts with the Hox cofactor 

Extradenticle (Exd), and the start of the homeodomain. Although this portion of the protein 

is disordered in the two currently available X-ray crystal structures, residues on either side 

of Asn(−3), including His(−12) and Arg(+3) interact with the minor groove of the DNA 

(Joshi et al). Therefore, because of its proximity to the DNA, deamidation of Scr at Asn(−3) 

has the potential to influence DNA binding by alteration of the protein backbone 

conformation and introduction of a negative charge in the vicinity of the DNA phosphate 

backbone. The affinities of fresh (unmodified) and aged (partially deamidated) Scr for DNA 

in the presence and absence of the cofactors Exd-HM were measured by an electrophoretic 

mobility shift assay (EMSA). Examples of the EMSA analyses and graphs of the measured 

intensities of the shifted bands are plotted in Figure 5. The derived dissociation constants are 

given Table 2. Scr binds weakly to DNA in the absence of the Exd-HM cofactor, with 

values of the dissociation constant near the detection limit of the EMSA experiment. The 

differences between fresh and aged samples are not significant, consistent with absence of 

intermolecular interactions of the N-terminal arm with DNA in the absence of the cofactor 

Exd-HM. Scr binds approximately 3-fold more tightly to DNA in the presence of Exd-HM 
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under these experimental conditions. The aged sample bound more weakly than the fresh 

sample by a factor of 1.4–2.3, depending upon the data analysis method, with greater 

inhibition of the most supershifted band. A mutant protein incapable of deamination was 

prepared by mutating position −3 from Asn to Asp, to mimic one of the reaction products. 

This sample has a slightly reduced affinity compared to wild-type Scr, but as expected is 

unaffected by aging.

Discussion

HNCACB experiment has the advantage that the presence of the major reaction product, 

isoAsp, of deamidation of Asn residues is readily detected by the sign inversion of the 

interresidue resonance peaks for the amino acid residue C-terminal to the site of 

deamidation. The HNCACB experiment, in conjunction with a set of standard triple-

resonance experiments, also provides sequence specific identification of the deamidated 

residue. The rate of deamidation is measured straightforwardly using a time series of 1H-15N 

correlation spectra to monitor signal loss from side chain NH2 resonances.

These approaches have been applied to deamidation at Asn 321 (and to a lesser extent Glu 

327) in the linker region of the D. melanogaster transcription factor Scr. Deamidation of this 

residue results in weaker binding to target DNA sequences. Scr has a role in mediating 

segment identity in embryogenesis (day 0–1); additionally, the protein is involved in 

imaginal disk patterning during larval development (day 1–10) [21]. Whether the 

deamidation reaction contributes to physiological function of Scr or is a concern only for in 

vitro studies over long time periods, remains to be determined in future investigations. 

Interestingly, a closely related D. melanogaster homeodomain protein, Ubx, also has an 

Asn-Gly motif at the same position as the Asn(−3)-Gly(−2) dipeptide in Scr [22].
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Highlights

• Drosophila melanogasterHox transcription factor Sex Combs Reduced (Scr) is 

spontaneously deamidated at residue Asn 321.

• NMR spectroscopy is used to detect and quantify deamidation

• Deamidation reduces the affinity of Scr for target DNA.
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Figure 1. 
Coherence transfer for the HNCACB pulse sequence for (a) Asn-Xxx and (b) isoAsp-Xxx 

dipeptide moieties. The out-and-back coherence transfer steps are shown as double-ended 

arrows. The sequential transfers “out” from the HN spin are indicated by arrows of 

decreasing thickness and vice versa. The critical difference between the Asn-Xxx and 

isoAsp-Xxx results from transfer through the (a) 2JNCα or (b) 2JNCβ scalar coupling 

interactions, respectively.
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Figure 2. 
HNCACB spectra of (a, b) fresh and (c, d) aged Scr. Strip plots are shown for the indicated 

backbone N-H planes of (a) Asn(−3) and (b) Gly(−2) for a fresh Scr sample and of (c) 

isoAsp(−3) and (d) Gly(−2) for an aged sample. Positive (negative) cross-peaks are shown 

as black (red) contours. Black (red) labels denote 13Cδ (13Cδ) resonances. The 13Cδ 

resonances are degenerate for Asn(−3) and Asn(−4) in the fresh Scr sample. The signs of the 

inter-residue isoAsp(−3) Cδ and Cδ cross peaks in the aged sample are inverted in the 

Gly(−2) N-H plane when compared to the signs of the corresponding cross peaks in the fresh 

sample. This phenomenon arises from the β-linked peptide backbone that is the 

characteristic feature of isoAsp.
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Figure 3. 
Assignments of Asn and Gln residues in Scr. Resonance assignments were obtained from 

conventional HNCACB spectra (left and right panels) and an NH2-HCACB spectrum with 

coherence transfer delays tuned for NH2 rather than NH moieties. Positive (negative) cross-

peaks are shown as black (red) contours. Planes are taken at the indicated 15N resonance 

positions. The center panel is at a 15N frequency that is midpoint between the 15Nδ of Asn 

−3 and 15Nδ of Gln 4
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Figure 4. 
Rate of deamidation Scr. (a) 15NH2 region of the initial 15N-1H HSQC spectrum acquired 

for Scr in the time course monitoring deamidation. (b-c) Peak intensity, given as the sum of 

the two 1H-15N amide resonance signals (connected by dashed lines), is plotted as a function 

of time for two of the eight resolvable side chain resonances. The fitted rate constants for 

deamidation are (b) (2.68 ± 0.14) × 10−2 day−1 for Asn −3 and (c) (6.80 ± 1.20) × 10−3 

day−1 for Gln 4.
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Figure 5. 
Binding isotherms for unmodified and modified Scr. Representative EMSAs for aged (a) 

wild-type and (b) Asn(−3) → Asp mutant Scr binding to DNA; EMSAs for fresh samples 

are not shown for brevity. Concentrations of Scr are indicated (nM); Exd-HM is present in 

all but last lane of each gel (solid bar). Integrated intensities of supershifted bands from 

EMSAs of (black) fresh or (red) aged (c) wild-type and (d) Asn(−3) → Asp mutant Scr 

binding to DNA/Exd-HM. The main graphs show results for the sum intensity of all 

supershifted bands and the insets show results only for the most supershifted (Scr-Exd-HM-
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DNA) band. Binding of Scr to DNA also was measured in the absence of Exd-HM (not 

shown). Fitted dissociation constants are given in Table 2.
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Table 1

Deamidation rate for side chain NH2 groups in Scr

Residue Rate (day−1) t1/2 (day) Sequence Predicted t1/2 (day)

Asn −5 (2.24 ± 1.44) × 10−3 310 ± 200 VNA 27.5

Asn −3 (2.68 ± 0.14) × 10−2 26 ± 1 ANG 1.05

Gln 4 (6.80 ± 1.20) × 10−3 102 ± 18 RQR 2300

Gln 12 (1.44 ± 0.83) × 10−3 483 ± 279 YQT 5600

The deamidation rate is calculated for the sum of the intensities of the two side chain NH2 peaks for each residue in Fig. 4a. The predicted t1/2 for 

the flanking tripeptide sequence (in single letter amino acid code) is derived from Robinson et al. [4; 5]. Fitted deamidation rates for Asn 23, Gln 

44, Gln 50, and Asn 51 are < 1.25 × 10−3day−1 and are not significantly different from zero (not shown).
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Table 2

Binding affinities of wild-type and mutant Scr

Species Kd (DNA) (nM) Kd(DNA/ExdHM) (nM)

Fresh Aged Fresh Aged

Wild-type

Totala 820 ± 640 940 ± 440 264 ± 47 385 ± 57

Complexb 95 ± 11 217 ± 40

Mutant

  Totala NDc NDc 295 ± 42 295 ± 37

  Complexb 164 ± 25 126 ± 17

a
Results from analyzing the sum of intensities for all detectable super-shifted bands in EMSA gels and fit as shown in Fig. 5.

b
Results are obtained from analysis only band corresponding the most super-shifted band in EMSA gels and fit as shown in Fig. 5.

c
ND: not detected, Kd> 1000 nM.
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