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Isopeptide bonds, which are amide bonds involving the e-
amino group of lysine, were first identified to result from heat
treatment of proteinaceous materials and fibrinogen activa-
tion.! Their central role in ubiquitination is their most widely
known biological occurrence.’! Self-generated isopeptide
bonds between side chains of lysine and asparagine residues
have emerged as a hallmark of surface proteins of Gram-
positive bacteria after their discovery in the major pilin
subunit of Streptococcus pyogenes.”! Subsequently isopepti-
des were identified in proteins known to form, or be
associated with, pili.*! All bacterial isopeptides are found
in 3-sheet domains resembling the CnaA or CnaB folds of
protein Cna from Staphylococcus aureus.” '™ CnaA and CnaB
domains are predicted to occur in thousands of bacterial
surface proteins, and isopeptide bonds emerge as a very
common posttranslational modification underpinning Gram-
positive pilus formation and stability. In bacterial pilus
proteins isopeptide bond formation depends on a catalytic
glutamate or aspartate residue. It is thought to require
location of the isopeptide triad (Lys, Asn, catalytic carboxyl
group) within the hydrophobic core.”’) We have analyzed the
isopeptide formed by spontaneous amidation of an aspartate
side chain in a CnaB fold of a protein that has not previously
been implicated in bacterial pili.

FbaB is a fibronectin-binding protein of invasive S.
pyogenes strains.!'! It contains several intrinsically disordered
sequence repeats that form high-affinity complexes with the
human target protein."! The function of all other domains of
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FbaB, including two predicted CnaB domains (Figure 1a), is
unknown. One of these CnaB domains, referred to from here
on as CnaB2, is found embedded in the natively unfolded
fibronectin-binding repeats. The structure of CnaB2 and the
presence of the isopeptide were identified by X-ray crystal-
lography.® While many proteins have been found or
predicted to contain Asn-Lys isopeptides,”! several potential
Asp-Lys CnaB domains can now be added to the rapidly
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Figure 1. a) Domain organization of FbaB. S signal sequence, 1-

5 fibronectin-binding repeats, LPATG cell-wall anchor. CnaB domains
were predicted by Pfami?"! and PHYRE.®? The construct used in this
study is shaded gray. The bottom panel shows a VSL2 disorder
prediction® for FbaB. Regions with a score above 0.5 are predicted to
be intrinsically disordered. b) Ribbon representation and topology of
CnaB2 (PDB code 2X5P). The positions of isopeptide triad residues
are marked blue (K470), purple (E516), and red (D556). c) Stereo view
of the isopeptide triad (colors as in (b)) and surrounding hydrophobic
residues (green).
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growing list of isopeptide proteins (Figure S1 in the Support-
ing Information)." CnaB2 is unusual as it occurs isolated in
sequence and represents an independently folded domain
ideally suited to address questions relating to the structural
role of isopeptide bonds and the mechanism of their
formation. Using NMR spectroscopy, circular dichroism
(CD) spectroscopy, and thermal shift assays, we show that
the isopeptide bond has a dramatic effect on protein dynamics
and stability. We present a mechanism for isopeptide for-
mation that is based on quantum mechanical/molecular
mechanical (QM/MM) calculations.

In CnaB2 the isopeptide is formed by residues K470 and
D556. The side chain of E516 appears in a position similar to
the ones observed for catalytic side chains of other CnaB-like
domains.”* The isopeptide cross-links the parallel N-termi-
nal and C-terminal 3 strands and is surrounded by hydro-
phobic groups (Figure 1b,c). CnaB2 and mutants K470A,
E516Q, and D556 A, expected to lack the isopeptide bond,
were expressed in unlabeled, N-, or C/'"N- (CnaB2,
E516Q) labeled forms. As all previously found bacterial
isopeptide bonds are formed by asparagine, a mutant DS56N
was also generated. Isopeptide-lacking mutants differed in
electrophoretic mobility from native CnaB2 (Figure S2 in the
Supporting Information). Absence of the isopeptide in
mutant E516Q supports a role for E516 in catalysis. The
D556N mutant gave rise to two bands in SDS-PAGE at
positions corresponding to proteins without and with an
isopeptide bond. A time course of the D5S56N mutant shows
that isopeptide bond formation was complete after 24 h
(Figure S2c¢ in the Supporting Information, confirmed by
MS). 'H,"®"N HSQC spectra of all mutants were typical for
folded B-sheet proteins of approximately 13 kDa (Figure S3
in the Supporting Information). Spectra of CnaB2 and D556N
in which isopeptide bond formation was complete were
indistinguishable, thus reflecting their convergence to the
same product from different start points. Although ammonia
is a better leaving group than water, isopeptide bond
formation in D556N was comparatively slow. Therefore it
appears that the environment of the isopeptide bond is
optimized for the particular reactive residue (acid or amide).
A detailed study of this environment in Lys—Asn and Lys—Asp
isopeptide proteins will be required to deconvolute the key
factors in the surrounding site.

CnaB2 and E516Q were sequentially assigned using a
standard triple-resonance NMR spectroscopy approach. The
mutation did not affect the overall structure, as evident from
the similarity of "C chemical shifts (Figure S4a in the
Supporting Information). The isopeptide NH signal, found
at an unusual upfield 'H chemical shift of 6 =6 ppm (Fig-
ure 2a), was readily identified by a set of resonances in the
HNCACB experiment that distinguish it from backbone
amide groups (Figure 2c). HNCACB spectra show strong
signals for Ca/Cp resonances of residue i and weak signals for
Ca/CP of residue i—1. Assignment of the weak cross-peaks in
the K470C strip of the HNCACB spectrum to D556 Co and
Cp was verified by the CBCA(CO)NH experiment, which
connects amide NH groups with Ca and Cf of the preceding
residue. The assignment resulting from NMR spectroscopy
experiments unequivocally identified the presence of the
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Figure 2. a) "H,"” N HSQC spectrum of CnaB2. The isopeptide NH
cross-peak is shown in red. Blue signals are aliased in the °N
dimension. b) Scheme of the isopeptide bond and the resonances
observed in the K470 HNCACB strip. c) Strips from HNCACB and
CBCA(CO)NH (single red contours) spectra for residues in f3 strand |
and the isopeptide (K470C). °N chemical shifts (ppm) are shown on
top. HNCACB Ca and Cf cross-peaks appear in black (positive phase)
and blue (negative phase), respectively. The phases of the D556
resonances in the K470C strip are swapped. The strong signals in this
strip correspond to K470 Co (blue) and Ce (black). Dashed horizontal
lines mark the “backbone walk” of the sequential assignment.

isopeptide and linked it to D556, further validating the X-ray
structure! and MS (Figure S2d in the Supporting Informa-
tion) results.

To assess the impact of the isopeptide on protein
dynamics, heteronuclear NOEs (hNOEs) were measured for
CnaB2 and E516Q (Figure 3a). Overall the E516Q mutant
showed slightly higher flexibility. Protein samples that had
been exchanged into D,O still gave rise to HSQC cross-peaks
even after an incubation period of several weeks, indicating a
particularly stable structure. For E516Q, 18 non-exchanging
amide protons were exclusively located in (3 sheets. In CnaB2,
33 non-exchanging protons, including the isopeptide NH
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Figure 3. a) {"H}"’N heteronuclear NOEs of CnaB2 and the E516Q mutant. Open circles indicate NOE values smaller than 0.6, a threshold for
NH groups found in a stable structured context.?” The N-terminal 21 residues exhibit extensive motion on the pico- to nanosecond timescale.
Non-exchanging amide protons are indicated by crosses. b) Network of H-bonds in the AB loop involving non-exchanging amide NH groups

(N atoms shown as balls). Respective residues are shown as magenta sticks and correspond to magenta crosses in (a). c) Thermal shift assays.
The minima correspond to denaturation temperatures of 53 °C (K470A, —e—¢), 54°C (E516Q, +s+¢), and 59°C (D556A, ———). CnaB2 (red solid
line) and D556N (black solid line) did not undergo denaturation below 100°C. d) Far-UV CD spectra of ChaB2 and E516Q were recorded at 20

(black), 37 (blue), 60 (green), and 80°C (red). e) 'H,"”"N HSQC spectra of CnaB2 and E516Q at pH 2. Blue cross-peaks are aliased in the °N

dimension.

proton, were found. Three of these (D472, K476, 1L478) are
located in the A-B loop and undergo fast exchange in E516Q.
In the crystal structure!™® they form a network of H-bonds
involving the isopeptide NH proton, backbone atoms of K470
and D556, and a conserved acidic side chain (D472, Fig-
ure 3b). These H-bonds are obviously preserved in solution,
but only in the presence of the isopeptide bond. The notion of
this long-range effect of the isopeptide on protein dynamics is
further supported by a comparison of NH chemical shifts of
CnaB2 and E516Q. Almost all significant differences are
located in loop regions (Figure S4b in the Supporting
Information) including the A-B loop, and correlate with
D,O exchange data. Isopeptide bonds lend thermal and
proteolytic stability to pilus proteins.'”l Denaturation temper-
atures of CnaB2 and mutants were determined in fluores-
cence-based thermal shift assays. Mutants lacking the isopep-
tide unfolded at temperatures between 53-59 °C, whilst native
CnaB2 did not undergo noticeable denaturation below 100°C
(Figure 3¢). This dramatic effect of the isopeptide was
confirmed by CD spectroscopy (Figure 3d). At 80°C, spectra
of all mutants lacking the isopeptide were typical for
polypeptides devoid of any secondary structure. The spectrum
of CnaB2 was largely unaffected by temperature increase. An
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'H,"N HSQC spectrum of CnaB2 at pH?2 showed signal
dispersion and line widths similar to spectra recorded at pH 6.
HSQC spectra of E516Q showed increasing line broadening
from pH 4 and characteristics of denatured protein at pH 2
(Figure 3e). Taken together, these data establish that the
isopeptide bond imparts a remarkable conformational, ther-
mal, and pH stability to CnaB2.

To shed light on the mechanism of isopeptide bond
formation and the role of the critical E516 residue, we
performed QM/MM calculations." Starting from X-ray
coordinates,™™ a solvated model for CnaB2 with separated
K470 and D556 side chains was prepared and equilibrated
using classical molecular dynamics (MD) simulations. A full
reaction profile was constructed by QM/MM optimizations of
reactant, product, key intermediates, and transition states. As
a detailed discussion of the full path is beyond the scope of
this Communication, we only highlight the key findings. In the
lowest energy structure before isopeptide bond formation the
three critical groups are neutral. This result reflects a
perturbation of pK, values commonly observed for buried
functional groups involved in enzyme catalysis.'”! The D556
carboxyl is H-bonded to both K470 and E516 (1, Figure 4a). It
costs very little energy to direct the H-bond from K470 N to
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Figure 4. a) Salient intermediates of isopeptide bond formation (only
key part of the QM region is shown); in parentheses: relative energies
at the M06-2X/MM level (in k) mol™'). b) Overlay of the isopeptide
region in crystal structure (green) and computational models after
QM/MM (pink) and 1 ns MD (cyan). Water molecules are shown as
balls. The arrow indicates movement of the eliminated water to the
position observed in both the MD and the crystal structure. Inset: H-
bonds of this water molecule in these two locations.

E516 Oe2 (3), so that the N atom is positioned for
nucleophilic attack at the carbonyl center. This attack can
proceed smoothly through transition state TS1, with a total
barrier of only 64 kI mol ', thus affording zwitterionic 4. The
tetrahedral intermediate 6 is reached via proton transfers
from E516 to D556 and from K470 to E516 in an eight-
membered transition state very similar in energy to TS1. This
proton shuttle explains the pivotal role of catalytic carboxyl
groups in isopeptide bond formation. A carboxamide group
(as in E516Q) effectively shuts off this channel because it
would require formation of an unfavorable C(OH)(=NH)
moiety, thereby rationalizing the inability of the mutant to
form an isopeptide. Direct water elimination from 6 to yield
product 7 is computed to have the highest barrier of the
pathway (TS2, 102 kJmol ') and is thus indicated to be the
rate-limiting step. The released water (after MD simulation
starting from the QM/MM optimized product) is located in a
position very close to where a water molecule is found in the
crystal structure (Figure 4b), a remarkable agreement
between computational and experimental models. This
water molecule is stabilized by three H-bonds, and in the
crystal structure is linked to the bulk solution by a linear array
of three water molecules. This array likely represents a
channel allowing the eliminated water to dissociate from the
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reaction center (Figure 4b). The proposed reaction mecha-
nism explains the absolute requirement for a catalytic residue
and a hydrophobic environment; it allows for the formation of
isopeptide bonds from both asparagine and aspartic acid
residues. The mechanism and the key intermediates are
reminiscent of peptide bond formation in the peptidyl
transferase center of the ribosome, which proceeds through
a zwitterionic tetrahedral intermediate and depends on
proton shuttling mediated by the 2" OH group of adenosine
76 and potentially a water molecule in the P site."®! These
groups appear to play roles analogous to the two oxygen
atoms in the carboxyl group of E516 in CnaB2.

In summary, we have applied a variety of experimental
and computational techniques to study the structural role of
an isopeptide bond and the mechanism of its spontaneous
formation in a key building block of bacterial surface proteins.
Our data imply that this type of bond is far more common
than previously realized and give important insights into the
purpose of isopeptide bonds and the structural requirements
for their formation.

Experimental Section

Site-directed mutagenesis was carried out using the QuikChange
protocol (Stratagene) according to supplier’s guidelines. All proteins
were expressed and purified as previously described for CnaB2.['*!
Isotope labeling was achieved by expression in minimal media
supplemented with U-"*C glucose and/or "NH,CI.

Samples for NMR spectroscopy were prepared in 10 mm
phosphate buffer, pH 6.0, containing 5% D,0O and 0.02% NaN;.
NMR spectroscopy experiments were performed at 25 °C on a Bruker
DRXS500 spectrometer equipped with a 5 mm TXIz probe. All spectra
were processed with NMRPipel" and analyzed with CCPN Analysis
1.0.2

Thermal shift assays were carried out with protein samples at
20 puM in phosphate-buffered saline (PBS) in the presence of Sypro-
Orange (Invitrogen) in a final volume of 50 puL. Fluorescence was
recorded using a QPCR instrument (Stratagene) over a temperature
range of 25-100°C with a 1°Cmin~' gradient.

CD spectra were recorded using a Jasco J-270 Spectropolarimeter
over 210-260 nm at protein concentrations of 10 um in PBS. Each
sample and a control (PBS) was scanned in sextuplicate at 20, 37, 60,
and 80°C.

QM/MM optimizations were performed at the B3LYP/6-31 4+ G-
(d,p)/CHARMM level, followed by M06-2X/6-311 + G(3df,3pd)/
CHARMM single points, using the ChemShell software.
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