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ABSTRACT: Proteins are subject to spontaneous rearrangements of their backbones. Most prominently, as-

paragine and aspartate residues isomerize to their B-linked isomer, isoaspartate (isoAsp), on time scales ranging
from days to centuries. Such modifications are typically considered “molecular wear-and-tear”, destroying protein
function. However, the observation that some proteins, including the essential bacterial enzyme MurA, harbor
stoichiometric amounts of isoAsp suggests that this modification can confer advantageous properties. Here we
demonstrate that nature exploits an isoAsp residue within a hairpin to stabilize MurA. We found that isoAsp for-
mation in MurA is unusually rapid and critically dependent on folding status. Moreover, perturbation of the isoAsp-
containing hairpin via site-directed mutagenesis causes aggregation of MurA variants. Structural mass spectrom-
etry revealed that this effect is caused by local protein unfolding in MurA mutants. Our findings demonstrate that
MurA evolved to “mature” via a spontaneous post-translational incorporation of a f-amino acid, which raises the

possibility that isoAsp-containing hairpins may serve as a structural motif of biological importance.
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INTRODUCTION

Proteins are usually assembled from 20 different a-amino acids, linked via amide bonds in a sequence-specific
manner. The polyamide backbone is often considered invariant and inert. Nevertheless, over typical protein life-
times, asparagine (Asn) and aspartate (Asp) residues can spontaneously isomerize into isoAspartate (isoAsp)
featuring an unusual B-peptidic linkage (Figure 1a)1'3. This process is initiated by the nucleophilic attack of the
(deprotonated) backbone amide nitrogen on the side chain amide or acid group in the case of Asn and Asp, re-
spectively. The resulting succinimide intermediate hydrolyses with a slight preference (70-85%) in the alpha posi-
tion, yielding a mixture of isoAsp and Asp residues’. In model peptides, this process occurs on timescales rang-
ing from days to years, with Asn-Gly sequences rearranging most rapidly4. The rates are typically lower in pro-
teins, especially for Asn residues that are embedded in secondary structure motifs or otherwise engaged in H-

bonds involving the N-H of the i+1 residue’.

IsoAsp formation is considered as protein damage and associated with several pathologiesﬁ. For example, isoAsp
is thought to promote aggregation of AB in neurodegenerative diseases’” and of eye lens crystallinsw in cataract
formation. To counteract the negative effects of isoAsp formation, nature has evolved a ‘repair’ enzyme, protein

L-isoaspartyl methyltransferase (PIMT)”’ 2

. PIMT-dependent methylation at the a-carboxylate promotes succin-
imide formation and subsequent hydrolysis into a mixture of Asp and isoAsp (Figure 1a). Successive repair cy-
cles are thus required to fully convert isoAsp to Asp. The importance of PIMT is demonstrated by the observation
that PIMT-knockout mice, which accumulate isoAsp in their proteome, exhibit many adverse phenotypes such as

retarded growth, reduced lifespan, and seizures’™ .

Remarkably, the essential bacterial enzyme MurA has been shown to contain an isoAsp residue within a hairpin
(Figure 1b)3, although it is unknown whether this B-linked residue plays a functional role. MurA, a UDP-N-
acetylglucosamine 1-carboxyvinyltransferase, is a cytosolic enzyme and antibiotic target that catalyzes the first
committing step in cell wall biosynthesis15. Careful structural analysis by Eschenburg and Schénbrunn using X-
ray crystallography has revealed that MurA from Enterobacter cloacae exhibits an isoAsp residue in an unusual
beta hairpins. IsoAsp67, which arises from deamidation/rearrangement of Asn67, perfectly fits the electron den-
sity at this site (Figure 1b), whereas Asn is not accommodated by the electron density (Figure S1a) and exhibits

unfavorable dihedral angles (Figure S1b,c). The sequence of the hairpin encompassing isoAsp67 is present in



Enterobacteriaceae and Vibrionaceae (Figure 1c¢), where it forms an atom-efficient way to access this hairpin. In

other structurally characterized MurA homologs more residues are needed to provide a similar structure.

B-peptidic linkages have been shown to provide unique structural features, primarily in the context of foldamers’®
"7 Such observations raise the possibility that isoAsp can provide access to unusual structural motifs and there-
fore confer favorable properties onto proteins. Here we demonstrate that this is indeed the case for the naturally
occurring isoAsp residue in MurA. We show that mutations precluding isoAsp formation at position 67 in MurA
promote protein aggregation and negatively impact on MurA activity. Moreover, we found isoAsp in MurA in-
creases protein stability by rigidifying the movement of neighboring regions. Therefore, the conversion of Asn67
to isoAsp represents a desirable protein backbone ‘maturation’ process, rather than molecular wear-and-tear

which is commonly associated with isoAsp formation.
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Figure 1: Formation of isoAspartate and occurrence in MurA. a Mechanism of the spontaneous formation and enzyme-
catalysed repair of isoaspartate (isoAsp). Deamidation of asparagine occurs by nucleophilic attack of the amino group of the
C-flanking amino acid. This process leads to formation of a metastable succinimide intermediate, which hydrolyses to a mix-

ture of Asp and isoAsp linkages. isoAsp can be methylated by PIMT to promote succinimide formation and in turn revert some



proportions to Asp (grey arrows). AdoMet: S-adenosylmethionine; AdoHcy: S-adenosylhomocysteine. b The essential bacte-
rial enzyme MurA features an isoAsp residue (black) in a hairpin, formed post-translationally from Asn67 (pdb: 1ejc)3. c Se-
quence alignment of structurally characterized MurA variants. Residues that align with the solvent-facing residues of the 3-
sheet from the E. cloacae variant are shown in green. The isoAsp-containing hairpin is conserved in Enterobacteriaceae and
Vibrionaceae. Alternative hairpin sequences are possible, albeit with a requirement for additional residues. Example B-hairpins
with one (B. anthracis, 3sg1, light blue”’), two (H. influenza, 2ri2, saImon’g), and three (S. pneumoniae, 5wi5, purplezo) addi-
tional residues were superimposed with the structure from E. cloacae (4e7b, black) and are shown on the right. 3-Sheet resi-

dues are shown in grey and side chains omitted for clarity.

METHODS

Production and purification of MurA

Plasmids encoding MurA variants were transformed into BL21(DE3) for protein production. 600 mL LB containing
100 pg/mL of ampicillin were inoculated with overnight cultures and grown at 37 °C with shaking at 220 rpm.
When an ODgg of 0.5-0.8 was reached, protein production was induced with 1 mM IPTG, and the cultures incu-
bated for an additional 3.5-4 h at 37 °C with shaking. Cells were then pelleted by centrifugation (4,200 rpm, 20
min, 4 °C). The pellets were resuspended in lysis buffer (50 mM Tris-HCI, 200 mM NaCl, pH 7.6) at room temper-
ature, transferred to 50 mL conical tubes and centrifuged again at 2211 rcf. The resulting cell pellets were stored
at -20 °C.

Harvested cell pellets were resuspended in 20 mL of chilled lysis buffer and incubated for 30-60 min on ice in the
presence of 1 mL 10 mg/mL lysozyme, 20 uL 1 M MgCl,, 20 uL 25 mg/mL DNase. Cells were lysed by sonication
(25 cycles; 10 seconds pulse at 20% amplitude with 30 seconds off after each pulse) on ice, and the debris pel-
leted at 15000 rcf for 30 min. The supernatant was gently shaken with 2 mL Ni-NTA resin (Qiagen) pre-equili-
brated with lysis buffer at 4 °C for 30-60 min in a plastic column. Unbound proteins were removed, and the resin
washed with 15 mL lysis buffer, followed by 15 mL lysis buffer containing 10 mM Imidazole and finally with 15 mL
lysis buffer containing 20 mM Imidazole. The His-tagged MurA was eluted with lysis buffer containing 300 mM
imidazole. Buffers and eluted fractions were kept on ice. Elution fractions were combined and concentrated to 0.5
mL-1 mL using a vivaspin concentrator (5 kDa or 10 kDa My cutoff). The MurA variants were further purified by
size-exclusion chromatography (SEC) on an AKTA FPLC equipped with a Superdex 200 10/300 GL SEC column.
Samples were eluted with 1.5 column volumes of 50 mM Tris-HCI, 200 mM NaCl, pH 7.6 at 4 °C and a flow rate

of 0.5 mL/min. Fractions containing monomeric MurA were pooled, concentrated and stored at -80 °C.



The S200 column was calibrated with blue dextran and protein standards (Sigma-Aldrich) consisting of carbonic
anhydrase (29 kDa), albumin bovine serum (66 kDa), Amylase (200 kDa) and apoferritin (443 kDa), thyroglobulin

(669 kDa).

Cleavage of the His-SUMO tag

For biophysical characterization, the His-SUMO tag was cleaved as follows. His-SUMO-MurA was partially dena-
tured with 2 M urea by adding an equal volume of chilled denaturing buffer (50 mM Tris, 100 mM NacCl, 4 M urea,
2 mM DTT, pH 7.6). Next, ULP1 protease was added at a ratio of 1:100 (protease: MurA, by mass). After gentle
manual mixing, the cleavage reaction was incubated overnight at 4 °C. The next day, the reaction was mixed with
Ni-NTA resin pre-equilibrated with Tris-urea buffer (50 mM Tris, 150 mM NaCl, 2 M urea, 1 mM DTT pH 7.6) and
shaken at 4 °C for 60 min. The flow-through containing MurA was collected and the Ni-NTA resin was washed
with 15 mL Tris-urea buffer containing 10 mM and 20 mM Imidazole, respectively. The flow-through and wash
fractions were combined and dialysed 2x against 1 L 50 mM Tris, 200 mM NaCl, 1 mM DTT at pH 7.6 at 4 °C.
After dialysis, the protein solution was centrifuged at 15000 rcf, 4 °C for 30 min. The supernatant was concen-
trated using a vivaspin concentrator (5 kDa or 10 kDa My cutoff) to a final volume of 0.5 mL-1 mL and subse-
quently purified on a Superdex 200 column as described above. The fractions corresponding to monomeric MurA

were collected and analysed on SDS-PAGE.

Quantification of isoAsp content by PIMT assay

isoAsp was quantified by measuring the amount of S-Adenosyl-I-homocysteine (AdoHcy) generated from the
PIMT-catalysed methylation of isoAsp21. An AdoHcy standard curve was generated by injecting 60 pL of 0.25-5
MM AdoHcy onto an Agilent Zorbax 300SB-C18 column and eluting with a linear gradient of 0 to 30% acetonitrile
(0.1% TFA) in water (0.1% TFA) at 50 °C and recording the absorbance at 260 nm. A plasmid encoding Hisg-
tagged human PIMT was obtained from Addgene (Catalog #34852). The protein was produced and purified by
Ni-NTA chromatography under standard conditions.

Initial attempts to quantify isoAsp in MurA (2 uM) under native conditions were performed with 0.73 yM human
PIMT. Optimized conditions to detect inaccessible isoAsp included a preincubation step in 3 M GdmCI at room

temperature for 30-60 min. Other reaction components were then added to final concentrations of 2 yM MurA; 0.5



M GdmCI; 10 uM AdoMet; 14.6 yM human PIMT in 0.1 M NaPhos pH 6.8; 1 mM EDTA; 0.16% Triton. The reac-
tions (100 uL total volume) were incubated for 30 min at 30 °C. Subsequently, the reaction was quenched by add-
ing 20 pL 0.3 M phosphoric acid. 60 yL of the quenched reaction was injected to Agilent Zorbax 300SB-C18 col-
umn with a linear gradient of 0 to 30% acetonitrile at 50 °C. The amount of isoAsp in MurA variants was calcu-
lated from the absorbance of the AdoHcy peak at 260 nm based on an AdoHcy standard curve (Figure S2). All
AdoHcy peak areas were corrected based on a reaction conducted in the absence of substrate. Control peptides
were included to verify the activity and specificity of PIMT under the assay conditions (sequence:

SDLWKLLPEXNVLSPLPSQA, where X corresponds to either isoAsp or Asp).

Peptide mapping by LysC digest

LysC was dissolved into water to a final concentration of 1 mg/mL. 1 uL of the LysC solution was added to 20 pL

25 uM MurA in 50 mM Tris-HCI, 200 mM NaCl, pH 7.6 in an Eppendorf tube. The mixture was incubated at 37 °C
for 21 h. After the incubation, 5 yL LC buffer C (water containing 0.1% formic acid) was added and the total 26 uL

sample was transferred to a LC-MS vial. 10 uL (192 pmol) was injected for LC-MS analysis.

LC-MS analysis was conducted on a Waters Acquity UPLC CSH C18 1.7um, 2.1x150mm at 55 °C with a flow
rate of 0.4 mL/min. The solvent system is water + 0.1% formic acid (solvent C) / acetonitrile + 0.1% formic acid
(solvent D). The total run time was 45 min: 0-1.0 min (2% D); 1.0 — 29.0 min (2-45% D); 29.0-34.0 min (45-60%
D); 34.0-35.0 min (60-95% D); 35.0-40.0 min (95-2% D); 40.0-45.0 min (2% D). The data was analysed on UNIFI
and the coverage was 98% for MurA. The peaks corresponding to peptides encompassing residues 64-88
(VERXGSVWIDASNVNNFSAPYDLVK, where X is Asn, (iso)Asp or a succinimide) were further analysed by MSE
fragmentation. The following mass spectrometer settings were used: positive polarity, capillary voltage 3.0 kV,
source temperature 120 °C, sampling cone 60 V, desolvation temperature 350 °C, m/z range 50 — 3000, transfer

collision energy ramp 20 - 45 V.

Peptide mapping by AspN digest

AspN protease (New England Biolabs) was freshly reconstituted in pure water to a concentration of 1 mg/mL. 1
uL of the AspN solution was added to 20 yL 25 yM MurA in 50 mM Tris-HCI, 100 mM NaCl, 1 M Urea, 2.5 mM
ZnS0Oy4, pH 7.6 in a PCR tube. The mixture was incubated at 36 °C for 21 h. After the incubation, 5 pL LC solvent

C (water containing 0.1% formic acid) was added and the total 26 uL sample was transferred to a LC-MS vial. 5



uL was injected for LC-MS analysis. LC/MS and MSE was performed as described for LysC-based peptide map-

ping. Peptides were automatically detected with UNIFI and manually analysed with masslynx.

Measurement of the rate of isoAsp formation in MurA

To enable measurement of the rate of isoAsp formation in vitro, MurA containing a high proportion of unmodified
Asn67 was prepared (MurAwt*). For this purpose, the production and purification procedure described above was
accelerated as follows. MurA was produced in 200 mL batches with IPTG induction at 37 °C for 40-60 min. After
expression, the culture was pelleted by centrifugation, resuspended in lysis buffer and lysed by sonication. The
lysate was rapidly purified by Ni-NTA and size exclusion chromatography. The purified fractions from SEC were
immediately aliquoted, flash-frozen with liquid N, and stored at -80 °C. The entire purification was carried out at 4

°C within 5-6 h to minimize isoAsp formation.

To measure the rate of isoAsp formation in MurA under native conditions, MurAwt* (42.5 yM in 50 mM Tris-HCI,
200 mM NaCl, pH 7.6) was incubated at 37 °C in a PCR block and 12 uL aliquots removed at specified intervals.
Samples were quenched by freezing and stored at -80 °C. The isoAsp content of all time points was measured in
parallel using the PIMT assay under partially denaturing conditions as described above. To measure the rate of
isoAsp formation in denatured MurA, MurAwt* (42.5 pM in 50 mM Tris-HCI, 200 mM NacCl, pH 7.6) was mixed
with an equal volume of 6 M GdmCI to reach a final GAmCI concentration of 3 M. Aliquots of the mixture were in-
cubated at 37 °C and analyzed as above. Of note, MurA protein contains 13 Asn sites, two of which are followed
by a glycine (Asn67 and Asn148) which likely deamidate with similar rates under denaturing conditions. The data

was fit to the equation ¥ = Y, + (Y — Y,) * (1 — e7*%).

The kinetics of isoAsp formation in the peptide MurAg;.73 were determined by the PIMT assay as described above
or using a direct RP-HPLC method. For the former, aliquots of HPLC-purified peptide were dissolved in 50 mM
Tris-HCI, 200 mM NaCl, pH 7.6 buffer to a concentration of 50 uM (determined by nanodrop), incubated at 37 °C
and analyzed by the PIMT assay described above. Alternatively, peptides were dissolved in PBS buffer at a con-
centration of approximately 375 uM and incubated at 48, 55, 65 or 75 °C. Aliquots were removed and 20 uL ana-
lyzed by RP-HPLC using a PLRP-S column with 15%-40% B at 70 °C. The disappearance of the peak corre-
sponding to the Asn-contain peptide was fit to an exponential decay (GraphPad Prism) and the half-life at 37 °C

extrapolated using an Arrhenius plot.



MurA kinetics assay

MurA activity assays were performed in a 96 well plate at 37 °C for 10-15 min in a final volume of 150 pL reaction
mixture containing 50 mM Tris-HCI-pH 7.5, 10 mM NaCl, 1 mM dithiothreitol (DTT), 0.6 mM UDP-GIcNAc
(Sigma), and 44 nM of MurA variant. 1 mM Phosphoenolpyruvate (PEP, Sigma Aldrich) was added to initiate the
reaction. The amount of inorganic phosphate (P;) released was quantified by Malachite Green assay reagent
(made in house) following the commercial supplier’s protocol (Cayman Chemical Company, USA). Briefly, 150 uL
of the reaction mixture were quenched by the addition of 30 pL reagent A. After subsequent addition of 30 UL rea-
gent B, sample absorbance was measured at 620 nm using a multi-well plate reader. Absorbance was converted
to using a standard curve generated from phosphate standards. Initial velocities were calculated by linear re-

gression. All rates were corrected for the background reaction in the absence of MurA.

To measure the K, for UDP-GIcNAc, the above enzymatic assay was performed with different concentrations of
UDP-GIcNAc (0 uM to 400 uM) at a fixed concentration of 1 mM PEP. The average velocity (umol Pi/min) at each
UDP-GIcNAc concentration was determined and K, app(UDP-GICNAC) and Kcaiapp Values were obtained by fitting

the data to the Michaelis-Menten equation in GraphPad Prism.

In vitro aggregation assays

In vitro aggregation of MurA variants was induced by incubation at low or high ionic strength, high temperature
and/or low pH and monitored by analytical SEC. Stock solutions of 45 yM MurA in 50 mM Tris-HCI, 200 mM
NaCl, pH 7.6 were diluted with four volumes of phosphate buffered saline (PBS) of varying compositions. Final
conditions were: 150 mM NaCl, 10 mM Tris, 8 mM sodium phosphate, 2 mM KCI, pH 7.5 (normal); 1.6 M NaCl,
10 mM Tris, 8 mM sodium phosphate, 2 mM KCI, pH 7.5 (high salt); 40 mM NaCl, 10 mM Tris, 8 mM sodium
phosphate, 2 mM KCI, pH 7.5 (low salt); 150 mM NaCl, 10 mM Tris, 8 mM sodium phosphate, 2 mM KCI, pH 6.0-
6.2 (low pH). These samples were incubated as indicated, centrifuged, and injected onto an Agilent Advancebio
SEC column (5 mL). Proteins were eluted with 50 mM Tris, 200 mM NacCl, pH 7.6 at a flow rate of 0.3 ml/min for
20 min. The recovery yield of proteins was calculated based on the area of monomeric MurA at a wavelength of

280 nm as compared to an untreated control sample. Measurements were conducted in triplicate.

To partially denature samples, MurA stock solutions in 50 mM Tris-HCI, 200 mM NaCl, pH 7.6 were diluted with

an equal volume of 50 mM Tris-HCI, 100 mM NaCl, 2 mM DTT, 4 M urea. Samples in 2 M urea were incubated



for 3 h at room temperature, and then dialyzed in 1 L 50 mM Tris-HCI, 200 mM NaCl, 1 mM DTT, pH 7.6 over-
night at 4 °C using a dialysis button. Amount of aggregation was estimated also by analytical size-exclusion chro-

matography.

CD spectroscopy

Far-UV CD spectra of protein samples were recorded at 25 °C on an Aviv 202 spectrometer from 270 nm to 200
nm in 1 nm steps with an averaging time of 1 s in 10 mM sodium phosphate, 150 mM NaCl, pH 7.6. MurA con-
centrations were 3.0 yuM (1 mm cuvette) or 30 uM (0.1 mm cuvette). Two scans were averaged and a buffer blank

was subtracted.

For chemical denaturation, the denaturation curve was obtained by measuring ellipticity of a 3 yM protein solution
at 222 nm using a 1 mm cuvette, at urea concentrations between 0 and 9 M in 10 mM phosphate, 150 mM NaCl,
pH 7.6 at 25 °C. The signal of each point was averaged over 1 min. Each urea concentration was diluted from a
10 M urea, 10 mM phosphate, 150 mM NaCl, pH 7.6 stock solution individually and the CD signal measured after
15 min equilibration time at 25 °C. The raw data from Aviv 202 software was fitted non-linearly to a two-state un-

folding model with baseline correction using GraphPad Prism:

mp_y([urea]-[urea]sgy,)

(an+ Bn[urea]) + (ap+ Bplurea])xe R

Y =

mp_p([urea]-[urealsgg,)
RT

, Where ay and ap are the CD signals of the native and dena-

1+e

tured states, respectively. By and Bp are the slopes at low and high urea concentrations, respectively. Y is the raw
CD signal, mp.y the cooperativity of unfolding and Dsq9, the denaturant concentration at which 50% of protein is

unfolded.

Reversibility of chemical denaturation was assessed by measuring the kinetics of MurA denaturation and refold-
ing. A 3 mL cuvette was used and protein concentration was 0.3 uyM. Denaturation kinetics were measured at

25 °C immediately after diluting a protein stock to 3 mL with urea buffer (2 M Urea concentration); refolding kinet-
ics were measured at 25 °C after incubating the protein in 300 puL 9 M urea buffer for 15 min at 25 °C and quickly
diluting the solution to 2 M urea. Denaturation and refolding signals converged over time for both MurAyr and

MurAns7p. Under these conditions, refolding was >85% reversible for both variants (Figure S3).

A thermal denaturation curve was obtained by measuring ellipticity of a 1 uM protein solution at 222 nm between
4 °C and 95 °C. The sample was heated in 1 °C steps in 10 mM phosphate, 150 mM NaCl, pH 7.6 with 1 min

equilibration time and 1 min signal averaging time per point. A 10 mm CD cuvette equipped with a stir bar was



used (total volume 3 mL). The fraction of folded MurA was calculated under the assumption that the unfolded
fraction of the protein is 0 and 1 at 4 °C and 95 °C, respectively. An additional correction for temperature-specific
change in CD signal was taken into account as follows. The data points from 4-30 °C and 80-95 °C were fit to a
linear equation and extrapolated to reflect the folded 6¢(T) and unfolded 6y(T) signal as a function of temperature.
The fraction of unfolded protein at each temperature (Fy) is then calculated from the signal 8 using the equation:

60— 6r(T)

b= g o=y

The melting temperatures were approximated through fitting the data to a 3-state model in GraphPad Prism using

the equation:

T/ -1 T/ -1 T/ -1
T T T,
AHm1<—g‘T1 > AHm1< i AHpa| —22—
Frxe +e *e

T/ —1 T/ -1 T/ —1 ’
T. T T

AHm1< m > AHm1< m AHp mz

1+e +e * e

where F is the contribution of the unfolding intermediate to the CD signal, R is the universal gas constant, T,

FU=

and T, the melting temperatures for the first and second transition, and AH,,; and AH,,» the enthalpy of denatur-

ation at the respective transition midpoint. A representative trace from 2 independent measurements is shown.

In parallel, midpoints of transition were also determined from maxima of the first derivative of the thermal denatur-

ation curve (after smoothing with a 2 degree polynomial and 4 adjacent data points) in GraphPad Prism.

Analysis of MurA flexibility and solvent accessibility via HDX-MS

HDX-MS experimentsz2 were carried out on a Synapt G2Si (Waters, UK) instrument coupled with a commercial

HDX system (Waters, UK) and Acquity M-Class system. The instrument was calibrated with sodium iodide, run in
sensitivity mode, MSE fragmentation mode with electrospray ionization. The following mass spectrometer settings
were used: positive polarity, capillary voltage 3.0 kV, source temperature 80 °C, sampling cone 30 V, desolvation
temperature 200 °C, m/z range 50 — 2000, transfer collision energy ramp 25 - 45 V. Leucine enkephalin (Waters,

UK) was used as the lockmass.

Stock solutions of MurAwt and MurAyes7p Were prepared at 20 uM. 5 pL of sample was diluted with 95 uL Buffer L
(50 mM Tris-Hcl, 200 mM NaCl in deuterium oxide, pH 7.6) to initiate the HDX reaction and incubated for either
0.25, 1, 30 or 120 minutes in triplicate. 5 puL of sample was diluted with 95 uL Buffer E (50 mM Tris-Hcl, 200 mM
NaCl, pH 7.6) for undeuterated references for 6 replicates. 70 UL of reaction mixture was quenched with 70 pL of

quench solution (100 mM potassium phosphate, pH 2.3) at 1 °C. 100 pL of quenched sample was then injected
10



onto the HDX system. Samples were digested online with a Waters Enzymate BEH pepsin column at 20 °C and
trapped on a Waters BEH C18 VanGuard column at 0 °C. Digestion and trapping was carried out for 3 minutes at
200 pL/min with 100% Mobile Phase A (0.2% formic acid). Peptides were eluted from the trapping column and
separated on a Waters BEH C18 column (100 mm x 1.0 mm) at 0 °C over a 7-minute gradient of 8-40% Mobile
Phase B (0.2% formic acid in acetonitrile) at 40 yL/min. All sample injections were followed with a clean blank
with a saw-tooth gradient to prevent carryover. The pepsin column was cleaned with pepsin wash (1.5 M GdmCl,

4% acetonitrile, 0.8% formic acid) after each injection.

Peptides were identified using Waters ProteinLynx Global Server 2.5.1 (PLGS). Identified peptides were filtered

and curated using Waters DynamX V3.0. Statistical analysis was performed using Deuteros v1.0 (King’s College
London, UK)? using a global confidence interval of 99%. Peptides were not corrected for back-exchange as ab-
solute uptake is not required for differential HDX. Biological replicates were carried out to confirm the HDX re-

sults.

RESULTS

MurA features stoichiometric levels of isoAsp

Because of its biological importance24 and the wealth of structural information®, MurA represents an ideal test
case to dissect potentially favorable roles of isoAsp in protein structure and function. To verify the presence and
extent of the isoAsp modification in E. cloacae MurA we produced the enzyme in E. coli as an N-terminal fusion
with a hexahistidine-SUMO tag (SUMO-MurAwrt). The resulting protein was purified by Ni-NTA affinity chromatog-
raphy and gel filtration. The main peak in the size exclusion chromatogram corresponds to a monomer (Figure
S4a, observed MW: 60 kDa, expected MW: 57 kDa). Approximately 10% of the protein eluted in the column void
volume, presumably in the form of soluble aggregates. The monomer fraction contains pure MurA as judged by
SDS PAGE (Figure S5) and the identity of the protein was confirmed by mass spectrometry (Figure S6a). To
measure the extent of isoAsp modification in our preparation of SUMO-MurAywr we used a previously described
enzymatic assayzs. PIMT selectively methylates isoAsp using the cofactor S-Adenosyl methionine (AdoMet), con-
comitantly forming S-Adenosyl-L-homocysteine (AdoHcy) which is quantified by reverse phase (RP) HPLC. To
our surprise, we observed only 3.5 + 1.9 pmoles isoAsp per 100 pmoles of SUMO-MurAyr when the assay was

performed under native conditions using catalytic amount of PIMT (Figure 2a). Under the same conditions, con-
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trol peptides bearing an isoAsp or an Asp residue exhibited 93 + 12 pmoles and 0.5 £ 0.1 pmoles isoAsp, respec-

tively (Figure 2a and Figure S4b). Given that the relatively narrow active site of PIMT?®

is unlikely to accommo-

date folded proteins, we denatured MurA with 3M GdmCI prior to the PIMT assay and increased the concentra-

tion of PIMT during the assay. Under these conditions, stoichiometric amounts of isoAsp were detected (98 + 3

pmoles, Figure 2a, Figure S4c). The near complete conversion to isoAsp as well as the requirement for MurA

denaturation indicate that the isoAsp is embedded in a structural motif, consistent with isoAsp67 in several crystal

2
structures®

. We speculate that the MurA fold also prevents access of PIMT to isoAsp67 in vivo.
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Figure 2: SUMO-MurAwr contains stoichiometric amounts of isoAsp. a Biochemical determination of SUMO-MurAwr iso-

Asp content via PIMT-dependent methylation. 100 pmoles of SUMO-MurAwr or control peptides with or without an isoAsp
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residue are used as substrate. AdoHcy is quantified by RP-HPLC upon methylation of SUMO-MurAwr under native condition
using catalytic amounts of PIMT (0.73 uM, red) or after pre-incubation with 3 M GdmCl and treatment with 14.6 uM PIMT
(blue). b-f Asn67 is fully deamidated. b LC-MS analysis of LysC digested MurAwr. The peaks at 14.7 (c), 15.0 (d) and 15.4 (e)
min correspond to peptide VERXGSVWIDASNVNNFSAPYDLVK (residues 64-88 in MurA), with X being Asn, succinimide &
Asp and isoAsp respectively. The dashed line in e represents the scale of the spectra in ¢ and d. f MSE analysis of the 15.4
min peak from e. The masses of ions B (calc: 385.22 Da, obs: 385.22 Da) and B4 (calc: 500.25 Da, obs: 500.25 Da) confirm

that X corresponds to an (iso)Asp residue.

To further confirm the site of isoAsp formation we performed LC-MS analysis of LysC-digested MurAyr (Figure
2b). We detected several isoforms of the peptide corresponding to residues 64-88 (Figure 2c-e). Among these,
the most intense peak (retention time 15.4 min, Figure 2e) exhibited a mass difference of +1 Da from the en-
coded sequence, indicating that, as expected, deamidation occurred. Based on the high isoAsp content deter-
mined in the PIMT assay, we assign the 15.4 min peak to the isoAsp67 form. Masses corresponding to the un-
modified Asn sequence (retention time 14.7 min, Figure 2c) and a succinimide isoform (retention time 15.0 min,
Figure 2d) were also present, albeit at 60-fold lower intensities. Fragmentation of the deamidated peak by MSE
analysis further confirmed the location of the deamidation at residue 67 (Figure 2f). Collectively, these results
underscore that Asn67 has post-translationally isomerized to isoAsp to an extent of >95% in our preparations of

M urAWT.

The tertiary structure of MurA promotes rapid isoAsp formation

The presence of almost stoichiometric amounts of isoAsp at position 67 suggests that its formation is accelerated
in MurA. We therefore sought to determine the rate of isomerization of this site in vitro. To access Asn67-contain-
ing MurA, we performed a rapid protein expression (1 h at 37 °C) and purification (~5 h at 4 °C) of SUMO-
MurAwr. PIMT assays of flash-frozen aliquots from this preparation (MurAwt*) revealed an isoAsp content of
22%, thus enabling a measurement of the rate of isoAsp formation. At 37 °C, MurAy* isomerizes with a half-life
of 4.7 h, yielding >95% isoAsp content after 24 h (Figure 3). This rate is considerably faster than values for de-
amidation of Asn-Gly sequences measured in peptides (half-life = 1d)4 and estimated in proteins (mean half-life =
100 days)?®. Given the unusually high rate of isoAsp formation, we explored whether the structure of MurA facili-
tates this transformation. We incubated MurAwt* at 37 °C in the presence of 3 M GdmCI to denature the protein.

Under these conditions, isoAsp formation was >10x slower than under native conditions (half-life = 80 h, Figure
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3), which suggests that isoAsp formation in MurA is autocatalytic. Notably, the curve plateaus at approximately
200% isoAsp content under denaturing conditions. This observation is consistent with the presence of two Asn-
Gly sequences in MurA (Asn67 and Asn148), which are expected to isomerize with similar rates in the unfolded
protein. A synthetic peptide encompassing residues 63-73 (MurAes.73) also isomerizes with a half-life = 60 h
(Figure 3 and Figure S7), an order of magnitude slower than folded MurA. To further confirm this result, we de-
termined the deamidation kinetics of the peptide MurAgs 73 at elevated temperatures directly by HPLC (Figure
88). An Arrhenius plot shows that the temperature dependence of the deamidation rate is linear, allowing extrap-
olation to 37°C (Figure 3c). The resulting half-life of = 70 h is in good agreement with measurements using the
PIMT assay (Figure 3d), further supporting the premise that the 3-dimensional structure of MurA is crucial for

rapid isoAsp formation.
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Figure 3: The 3D-structure of MurA facilitates Asn isomerization. a Measurement of the isoAsp content of MurAwr* after
maturation at 37 °C under native (blue circles) and denaturing (3 M GdmCI, green triangles) conditions. Data points for Mu-
rAwr* under native conditions are from two independent measurements. MurA contains two Asn-Gly sequences, expected to
isomerize with similar rates under denaturing conditions. The isoAsp content of a peptide corresponding to residues 63-73

(MurAes.73) is shown in pink diamonds. b Zoom-in for the initial 24 h period in a (shaded in grey). ¢ Temperature dependence
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of MurAes.73 deamidation measured by HPLC at 48, 55, 65 and 75 °C. An Arrhenius plot is shown in the inset. d Half-lives for

isoAsp formation at 37 °C. Error bars represent the 95% CI of the fit from a and c.

isoAsp67 improves the yield of recombinant MurA

The accelerated formation of stoichiometric isoAsp in MurA suggests that this backbone modification serves an
important purpose. To address this hypothesis, we generated a series of MurA mutants and analyzed their prop-
erties. An Asn67Asp (MurAys7p) mutation diminishes isoAsp formation at physiological pH and allows direct com-
parison between two variants with identical functional groups but distinct backbone connectivity. Mutations of the
flanking residues Arg66 and Gly68 to Ala (MurAgresa and MurAgesa, respectively) were introduced to probe their
role in the isoAsp-containing beta hairpin. Arg66 contributes a salt bridge to the isoAsp a-carboxylate. The steri-
cally minimal Gly68 is beneficial for rapid isoAsp formation; its mutation is expected to diminish isoAsp formation.
All variants were produced in E. coli as Hisg-SUMO fusions and purified by Ni-NTA chromatography and gel filtra-
tion. Strikingly, the mutants all exhibit considerable amounts of soluble aggregates and, accordingly, reduced
yields of monomeric MurA (Figure 4a). This observation establishes that the isoAsp-containing hairpin is an im-

portant structural feature of MurA.

We isolated the monomeric fractions of the MurA mutants (see Figure S5 and Figure S6 for SDS-PAGE and
mass spectra, respectively) and determined their isoAsp content (Figure 4b). SUMO-MurAns7p exhibited <5 %
isoAsp which confirms that position 67 is indeed the predominant site of MurA isomerization. We further verified
the modification state of residue 67 by peptide mapping. LC-MS analysis of LysC-digested MurAyt and Mu-
rAns7p revealed for each variant a predominant peak corresponding to residues 64-88 based on mass (Figure
$9). Importantly, these isobaric peptides exhibited distinct retention times, as confirmed by co-injection (Figure
S9c). Based on the total ion count for these peaks, we estimate that MurAwr contains >90% isoAsp. Conversely,
MurAne7p exhibits predominantly Asp with approximately 10% isoAsp, slightly higher than determined via the
PIMT assay. We did not detect additional isobaric peaks that could reflect the sterecisomers D-isoAsp and D-Asp,
although their presence in small amounts cannot be excluded. To further validate this assignment, we performed
a peptide mapping experiment with Asp-N (Figure S10) which cleaves N-terminal to Asp residues but cannot
cleave isoAsng. In MurAy, a peptide encompassing residues 51-72 was observed with a retention time of 13.5
min and a mass of 2490.3 Da (Figure S10a, Figure S10c). The signal for the same peptide was >10-fold lower

in MurAne7p (Figure S10b, Figure S10f). By contrast, high-intensity peaks for peptides originating from cleavage
15



at Asp67 (residues 51-66: RT = 15.2 min, M+H" = 1834.0 Da and 67-72: RT = 13.6 min, M+H" = 676.3 Da) were
observed in the mutant (Figure S10g and Figure S10h). These peaks were >100-fold lower in the wildtype (Fig-
ure S10d Figure S10e), further supporting the premise that residue 67 of the wildtype and the mutant are mostly
isoAsp and Asp, respectively. As expected", the Gly to Ala mutation decelerates isoAsp formation in SUMO-
MurAgssa, with <30% of Asn67 being modified (Figure 4b). The MurAgesa mutant retained the ability to rapidly

form isoAsp, demonstrating that Arg66 is not essential for this process.

We subsequently turned our attention to the catalytic activities of MurA variants. We quantified the phosphate re-
leased during MurA-catalyzed transfer of the enolpyruvyl moiety of PEP to UDP-GIcNAc®™. Measurements of the
initial velocities of MurA variants indicated that the activity of all mutant MurA were lower than the activity of the
wild type, albeit only slightly (Figure 4c). The modest reduction in activity suggests that all variants retain the na-
tive MurA structure overall and is furthermore consistent with the location of isoAsp67 distal from the enzyme ac-
tive site. To gain more insight into the nature of the reduction of activity, apparent K, app(UDP-GICNAC) and Kcat app
values of SUMO-MurAwr and SUMO-MurAne7p were determined at a constant concentration of PEP (1 mM)
(Figure 4d). The Kn,app(UDP-GIcNAC) values were indistinguishable (97 uM and 103 puM for the isoAsp- and the
Asp-containing variants, respectively, Table 1). By contrast, the kcatapp Values differed by 20%-25%, with SUMO-
MurAwr exhibiting the higher maximum velocity compared with the N67D mutant (Table 1). Thus, the lower activ-
ity of SUMO-MurAnerp is likely due to a reduced proportion of active enzyme, although subtle changes to the ac-

tive site cannot be excluded.
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Figure 4: Characterization of MurA variants. a Monomer fraction (grey, left axis) and yield (red, right axis) for SUMO-MurA
variants after production and purification by Ni-NTA and size-exclusion chromatography (error bars: s.d. of four (WT) or three
(mutants) biological replicates). b isoAsp-quantification for SUMO-MurA variants (error bars: s.d. of three biological repli-
cates). The AdoHcy signals were corrected for the AdoHcy signal observed in a control reaction in the absence of substrate. ¢
Relative activity measurement of SUMO-MurA variants (error bars: s.d. of four independent experiments). d Saturation kinet-
ics of selected variants (error bars: s.d. of four independent experiments). Activities were recorded with 44 nM MurA variant, 1

mM PEP and 0.6 mM UDP-GIcNAc unless otherwise stated.

Table 1: Kinetic characterization of MurA variants.

Relative activity Kecat,app Km,app(UDP-GIcNAC) Keat,app!/ Km,app
Variant* 4 4 4

(MM/min)* (s7) (M)* (mM”s™)
SUMO-MurAwt 44+0.3 3.9+0.19 97 £ 13 408
SUMO-MurAne7p 3.7+0.3 3.0+£0.15 103 + 14 29+6
SUMO-MurARrssa 22+0.2 - - -

SUMO-MurAgesa 3.0£0.3 - - -

* Ranges represent the errors of the fit from data shown in Figure 4.
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isoAsp67 reduces aggregation of MurA under stress conditions

Given that MurA variants with mutations in the isoAsp loop readily aggregate during protein production or purifica-
tion from E. coli lysate, we sought to investigate MurA aggregation vulnerability in a more controlled way in vitro.
We performed these measurements with MurAyr and MurAnszo mutant upon removal of the His-SUMO tag with
Ulp1 protease, followed by size-exclusion chromatography. The cleaved variants were judged as pure by SDS-
PAGE and mass spectrometry (Figure S5, Figure S11 and Figure S12). Circular dichroism spectroscopy and
native ion mobility mass spectrometry indicate that MurAwr and MurAygzp mutant have similar secondary struc-

ture and overall shape (Figure $13), confirming that their folds are the same.

The two variants were subjected to various stress conditions and their quaternary structures analyzed by size ex-
clusion chromatography. Specific challenges included high temperature (42 °C and 47 °C vs 37 °C), low pH (pH
6.0 vs 7.5), extreme salt concentrations (1.6 M and 40 mM vs 150 mM NaCl) and combinations thereof. Of note,
for both MurA variants the isoelectric point is pl = 5.7. After incubation at 37 °C overnight, both variants retained
their monomeric state when exposed to low and high concentrations of NaCl or low pH (Figure 5a, Figure S14a,
Figure S14b). Upon treatment at 42 °C overnight or 47 °C for 1 h, however, MurAys7p aggregated under other-
wise ambient conditions (45 + 5 % monomeric, Figure 5a, Figure S14c, Figure S14d). Aggregation was exacer-
bated under low salt conditions (22 + 3% monomeric) as well as at low pH (<10 % monomeric) but diminished in
the presence of 1.6 M NaCl. The isoAsp linkage clearly provides a protective effect under heat shock treatment,
with more than 50% of MurAwr retaining its monomeric form under all conditions tested (Figure 5a). Partial dena-
turation with 2 M urea for 3 h, followed by renaturation by dialysis into native buffer, also resulted in the formation
of approximately 80% aggregate for MurAnezp and only 20% for MurAwr (Figure 5b, Figure S14e). Collectively,
these results suggest that the unusual isoAsp-containing hairpin plays an important role in maintaining the struc-

tural integrity of Enterobacterial MurA under stress conditions.
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Figure 5: isoAsp formation improves MurA resilience against stress conditions. a Relative recovery of monomeric Mu-
rAwr and MurAnerp after incubation at non-optimal temperatures, pH and salt concentrations. Standard conditions: 150 mM
NaCl, 10 mM Tris, 8 mM sodium phosphate, 2 mM KCI, pH 7.5; High salt: standard conditions with 1.6 M NaCl; Low salt:
Standard conditions with 40 mM NaCl; Low pH: standard conditions with pH = 6.0-6.2 (error bars: s.d. of three independent
experiments). b Refolding yield upon partial denaturation with urea. MurAwr and MurAnszp were incubated in 2 M urea for 3 h

at room temperature and subsequently dialyzed overnight at 4 °C.

The stability of MurA variants was further explored by chemical and thermal denaturation. Circular dichroism
spectroscopy (CD) revealed that both variants unfold cooperatively in the presence of urea (Figure 6a, Figure
S$3). Based on a 2-state model®’, the urea concentrations required to unfold 50% of MurAyr and MurAye7p are 2.6
M and 2.0 M, respectively. These values indicate that MurAyr is more resilient against chemical denaturation.
However, the different cooperativities of unfolding (mp.y = 5.1 £ 0.3 and 8.6 + 0.9 kJ/mol/M for MurAyr and Mu-
rAns7p, respectively) preclude a quantitative comparison of the free energy of unfolding. Thermal denaturation ex-
periments confirmed that MurAyr unfolds cooperatively with an apparent midpoint of thermal unfolding at 58.5 °C
(Figure 6b). Inspection of the first derivative of the thermal unfolding curve suggests the presence of an unfolding
intermediate, indicated by a small shoulder at 53.0 °C (Figure 6c). This intermediate is much more pronounced
for MurAne7p, which clearly exhibits two distinct transitions at 49.5 °C and 60.5 °C (Figure 6b,c). We thus con-

clude that isoAsp67 stabilizes MurA by preventing partial unfolding at lower temperatures.
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Figure 6: isoAsp67 impacts the stability of MurA. a Chemical denaturation of MurAwr (blue squares) and MurAne7p (green
triangles). The fraction unfolded was calculated from the circular dichroism signal at 222 nm. CD signals were recorded in the

presence of 0 — 9 M urea at a protein concentration of 3 uM at 25 °C in a 1 mm cuvette. Unfolding curves are fit to the equa-
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tiony = mp_y((ureal-[urealsgy)
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, Wwhere mp.n is the cooperativity of unfolding and [urea]soy is the dena-
1+e

turant concentration at which 50% of the protein is unfolded®. Individual data points from three (MurAwr) and four (MurAns7p)
experiments are shown after correction for baseline slopes and calculation of the fraction unfolded at each [urea]. b Thermal
denaturation of MurAwr (blue squares) and MurAnerp (green triangles). A representative plot from two independent measure-
ments is shown. CD signals at 222 nm were recorded at a protein concentration of 1 uM between 4 °C and 95 °C at 1 °C inter-
vals using a 1 cm cuvette. ¢ Slope of the thermal denaturation curve. The first derivative from the curves in b were calculated

after smoothing the denaturation curve with a 2™ degree polynomial and 4 adjacent data points.

Mutation of isoAsp67 causes local unfolding

We sought to gain structural insights into how isoAsp protects MurA from partial unfolding and aggregation with
hydrogen-deuterium exchange mass spectrometry (HDX-MS). The technique measures the solvent exchange
rate of backbone amide hydrogens in proteins, and thereby provides a measure of local structural changes and

3334 Here we used HDX, followed by on-column pepsin digestion and LC-MS* to measure the

protein dynamics
dynamics of MurAwr and MurAne7n. We compared differential exchange regimes ranging from 0.25 min to 2 hrs.
Peptides within the regions of residues ~40-55 and ~55-70 exhibited increased deuterium uptake in the mutant
MurAne7p as compared to MurAwr (Figure 7a,b, Figure S$15). Such local changes in dynamics for the latter (resi-
dues ~55-70, Figure 7d) were expected given that this region encompasses the isoAsp67-containing hairpin in
MurAwt. The preceding region (~40-55, Figure 7c¢), which also becomes more dynamic upon mutation of iso-

Asp67, corresponds to an amphiphilic helix and a connected loop which pack against the isoAsp-containing hair-

pin toward the protein interior. Thus, the HDX-MS experiments demonstrate that altering the unique connectivity
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of isoAsp through an N67D mutation increases local unfolding of the hairpin which propagates to neighboring

structural elements on a timescale of minutes to hours.
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Figure 7: HDX-MS analysis of MurA structure and dynamics. a Difference of deuterium uptake between MurAns7p and

MurAwr. Woods plots (exposure time sums) from two biological replicates are combined. The dashed line corresponds to a

99% confidence interval. Mutation of isoAsp67 significantly increases the deuterium uptake between residues 41-55 and 55-

71. b Regions of MurA displaying significantly enhanced deuterium uptake in MurAnszp as compared to MurAwr are coloured

in red and mapped onto the structure of MurA (pdb: 1ejc). c-e Deuterium uptake plots of peptides surrounding residues 67 of

MurAwr (blue squares) and MurAns7p (green triangles). The location of the corresponding peptides within the structure of MurA

is shown in golden (right panels). Two biological replicates were recorded (solid and dashed lines) with three technical repli-

cates each (error bars: s.d.).

DISCUSSION

Post translational backbone modifications are pervasive and play an important yet underappreciated role in pro-

tein biochemistry36. The rearrangement of Asn residues to B-Asp linkages is widely acknowledged to be involved
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813,14 Furthermore,

in ageing and damage of proteins, and is thought to be the culprit for biological abnormalities
the formation of isoAsp has been found to cause adverse immune reactions®” and negatively impact therapeutic
proteins38 including monoclonal antibodies® *. In stark contrast to such adverse effects, our work shows that the
spontaneous formation of isoAsp in the B-hairpin of MurA from Enterobacter cloacae is beneficial. Remarkably,
isoAsp formation was accelerated by an order of magnitude in folded MurA and yields isoAsp in an unusually ho-
mogeneous fashion. These observations suggest that the 3D structure of MurA enhances the formation of the
succinimide intermediate as well as its regioselective hydrolysis, which supports the notion that MurA has evolved
to exploit this residue. In agreement with this hypothesis, we found that perturbation of the isoAsp-containing hair-
pin by mutagenesis led to extensive aggregation during production and purification as well as under controlled
stress conditions in vitro. Through biophysical analysis via HDX-MS we have pinpointed that replacement of the

isoAsp with Asp causes local changes in dynamics and destabilizes nearby structural elements. Such local un-

folding likely reveals hydrophobic surfaces which promote aggregation.

To understand the potential structural role of isoAsp it is instructive to compare the hairpin of MurA to a typical
Type I’ B-hairpin‘” (Figure 8a). Because Arg66 (¢=-137°,y=172°) and Ser69 (¢=-103°,py=167°) adopt a confor-
mation compatible with B-sheet formation we consider them as flanking the hairpin. In terms of position and con-
formation (¢=-67°,p=-21°), Gly68 takes the place of hairpin residue i+2. isoAsp67 spans the distance covered by
hairpin residues i and i+1. An H-bond between the isoAsp backbone NH and the C=0 of Ser69 (3.1 A from N to
O) results in a 12-membered H-bonded ring. In Type II' B-hairpins, the similarly placed NH of residue i and C=0
of i+3 form a 14-membered H-bonded ring. The additional methylene group within the backbone of isoAsp ena-
bles this extra range at a minimal entropic cost given that the dihedral angle 8 is 62° (N-Ca-CB-CO), a value that

. . . . . 16, 42
is almost ideal for the sps-sp3 centers present in 8-amino acids 6

. Another unique feature of isoAsp is the posi-
tion of the a-carboxy group, which points in a direction otherwise only accessible to D-amino acids. This arrange-
ment enables a salt bridge between isoAsp67 and Lys46 (Figure 8b). Indeed, our HDX-MS results are consistent

with such an interaction, where the isoAsp-containing hairpin serves as a ‘lid’ to stabilize a helix adjacent to

Lys46.
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Figure 8: isoAsp enables the formation of an unusual B-hairpin. a Comparison of the isoAsp-containing 3-hairpin of MurA
from E. cloacae (4e7b, yellow) with a typical Type II’ turn (1uxa, green). H-bonds are indicated by dashed lines. The backbone
atoms of a 12- and 14-membered H-bonded ring are indicated for MurA (NH of isoAsp67 to CO of Ser69) and the Type II’ turn
(NH of i to CO of i+3), respectively. A 10-membered H-bonded ring of the Type II’ turn (CO of i to NH of i+3) is shown in gray.

ChemDraw structures of the turns are shown on the right (MurA: top, Type II’: bottom). b The a-carboxylate of isoAsp67 inter-

acts with Lys46 (dashed line, O-N distance = 3.35A).

Investigations on the effect of artificially introduced §-amino acids have established that expansion of the peptide
backbone by an additional methylene group is tolerated in many structural contexts ™, including helices®,

- . . . . 1 . .
850 and even within an enzyme active site””. In most cases, such synthetic backbone expansions

sheets?, turns
lead to small losses in stability. Judicious choice of the site and residue can, however, result in hairpins which
improve the stability of select proteins, for example RNAse A* and the Pin1 WW domain®. The configurations of

these artificial hairpins are distinct from the naturally occurring hairpin of MurA; whether the latter structure could

similarly stabilize other proteins remains unexplored.

Other spontaneous protein backbone modifications have previously been shown to be beneficial for protein struc-
ture and function. The most prominent example is the fluorescent protein GFP from the jellyfish Aequorea victo-
ria. In the process of establishing the fluorophore core of GFP, the three amino acids Thr-Tyr-Gly will undergo a
series of backbone PTMs, including backbone cyclization, dehydration, and oxidation®. The methylene imidazo-
lone (MIO) cofactor of amino mutases is established in a similar manner®. More recently, glutaminase from the
hyperthermophilic archaeon Methanocaldoccocus jannaschii has been shown to contain a stable succinimide,
shielded from hydrolysis by surrounding residues®. This unusual residue contributes to the extraordinary stability

of glutaminase by rigidifying its surroundings55. Similarly, a succinimide residue has been shown to contribute to
23



the substrate recognition of amylomaltase“. Our results demonstrate that nature similarly exploits isoAsp for-
mation to access unusual structures and thereby tailor protein structure and function. This mode of action may be
enhanced by the possibility of enzymatic isoAsp formation®” °® and complements previously studied systems
where slow asparagine deamidation and/or isoAsp accumulation regulates biochemical function®. Examples in-

59, 60

clude apoptosis , cell adhesion®’, host recognition62 as well as the potential for modulation of transcription and

translation through molecular ageing of histones® and ribosomes®. The continued discovery of proteins featuring
isoAsp or succinimide linkages, as well as the ease in which MurA incorporates and utilizes its isoAsp residue
highlights that such backbone modifications contribute favorably to the structural diversity of proteins. Hence, we
speculate that isoAsp-containing hairpins are more common than anticipated and that their stabilizing effects

could be harnessed in protein engineering efforts.
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