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ABSTRACT: Parallel β-sheet-containing repeat proteins
often display a structural motif in which conserved asparagines
form a continuous ladder buried within the hydrophobic core.
In such “asparagine ladders”, the asparagine side-chain amides
form a repetitive pattern of hydrogen bonds with neighboring
main-chain NH and CO groups. Although asparagine ladders
have been thought to be important for stability, there is little
experimental evidence to support such speculation. Here we
test the contribution of a minimal asparagine ladder from the
leucine-rich repeat protein pp32 to stability and investigate
lattice rigidity and hydrogen bond character using solution
nuclear magnetic resonance (NMR) spectroscopy. Point
substitutions of the two ladder asparagines of pp32 are strongly destabilizing and decrease the cooperativity of unfolding.
The chemical shifts of the ladder side-chain HZ protons are shifted significantly downfield in the NMR spectrum and have low
temperature coefficients, indicative of strong hydrogen bonding. In contrast, the HE protons are shifted upfield and have
temperature coefficients close to zero, suggesting an asymmetry in hydrogen bond strength along the ladder. Ladder NH2
groups have weak 1H−15N cross-peak intensities; 1H−15N nuclear Overhauser effect and 15N CPMG experiments show this to
be the result of high rigidity. Hydrogen exchange measurements demonstrate that the ladder NH2 groups exchange very slowly,
with rates approaching the global exchange limit. Overall, these results show that the asparagine side chains are held in a very
rigid, nondynamic structure, making a significant contribution to the overall stability. In this regard, buried asparagine ladders
can be considered “second backbones” within the cores of their elongated β-sheet host proteins.

Networks of polar interactions in protein interiors are
common structural motifs that play important roles in

stabilizing proteins.1−3 The unusual environments of these
interior polar networks are likely to impart unusual energetic
features on the networks and have long been recognized as
contributing to communication processes such as allostery.4

Determining the contributions of individual residues to folding
and/or stabilizing the native states of proteins is not
straightforward, as many studies can attest.5−7 An even greater
challenge lies in identifying collective networks of residues
whose interactions are key to protein cooperativity, allostery,
and function. Because these networks are defined by sequence
information at multiple positions, understanding interaction
networks in proteins often requires a large amount of sequence
information,8,9 accurate sequence alignments,10,11 sophisti-
cated analyses,12−14 and creation and experimental character-
ization of large numbers of variants15−17 compared to studies
focused on single-site contributions.
Although it can be difficult to identify functionally relevant

polar residues (specifically, those enhancing stability) and their
interaction networks, there are some cases in which key
residues and interaction networks can be inferred using

structural data and sequence conservation alone. One such
example is the linear array of asparagine residues, often called
an asparagine ladder, found in leucine-rich repeat (LRR)
proteins. Asparagine ladders are highly conserved both in
sequence and in structure and are entirely buried in the
hydrophobic interior of LRR proteins despite the polar
character of their eponymous asparagine residue (Figure 1
and Figure S1). Compared to other networks of interactions,
the LRR asparagine ladder is an attractive target for
experimental study because it is composed of the same residue
(asparagine) at the same position within adjacent repeats,
reflecting a simple symmetry across the network. Furthermore,
the asparagine ladder is likely to be tightly coupled via
hydrogen bonds (Figure 1A), providing a unique opportunity
to study how a highly conserved network contributes to
protein stability and cooperativity. A study of the asparagine
ladder in LRR proteins may also provide a better under-
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standing of asparagine/glutamine ladder architectures in other
contexts, perhaps most notably in the amyloid protein
aggregates responsible for neurodegenerative pathologies like
Alzheimer’s (Aβ), Parkinson’s (α-synuclein), and Huntington’s
(huntingtin) diseases.18

In this study, we examine the role of the asparagine ladder in
LRR folding and evaluate the behavior of its hydrogen bond
network. Using the LRR protein pp32, we determine the
thermodynamic contribution of the asparagine ladder to global
stability and cooperativity using urea-induced unfolding
monitored by circular dichroism. To explore the structural
and dynamic features of the hydrogen bond network in pp32,
we use nuclear magnetic resonance (NMR) spectroscopy to
measure chemical shifts, 15N dynamics of the backbone and
asparagine side chains, temperature coefficients, and hydrogen
exchange rates of asparagine ladder side chains compared to
those of solvent-exposed asparagine side chains. Our results
show that the asparagine ladder plays an important role in
stabilizing the LRR fold, and its disruption causes substantial
changes to secondary structure and loss of stability.
Furthermore, thermodynamic parameters indicate the aspar-
agine ladder contributes more to cooperativity than the
conserved leucine residues that define the LRR motif.19−21

NMR chemical shifts and temperature coefficients suggest that
hydrogen bonds formed by NH2 groups of ladder asparagine
side chains are stronger between repeats than they are within
repeats. These data indicate the asparagine ladder acts like a
second backbone, maintaining the LRR fold and supporting
repeat-to-repeat interactions that promote global cooperativity.

■ MATERIALS AND METHODS
Protein Cloning, Expression, and Purification. Protein

expression and purification were performed as described in ref

22. Mutated versions of the pp32 gene were generated using
the Quikchange mutagenesis kit (Agilent Technologies). For
15N (and 13C) NMR samples, bacteria were grown in M9
minimal medium supplemented with 15NH4Cl (and 13C
glucose). Protein preparation was performed as described in
ref 22. NMR samples were dialyzed into 20 mM NaPO4, 50
mM NaCl, and 0.1 mM TCEP (pH 6.8) prior to data
acquisition.
For side-chain dynamics and E.COSY experiments, labeled

protein was partially deuterated by unfolding in 50% 2H
denaturant buffer [8 M urea, 50 mM NaCl, 0.1 mM TCEP,
and 20 mM NaPO4 (pH 6.8) (after adjustment for
deuterium)] for at least 30 min to allow for complete
exchange. Then, 50% 2H refolding buffer [50 mM NaCl, 0.1
mM TCEP, and 20 mM NaPO4 (pH 6.8) (after adjustment for
deuterium)] was then added to denatured samples to refold
the protein, and samples were concentrated using filtration
columns (GE Healthcare). Residual denaturant was removed
with a spin column.23

Circular Dichroism Spectra and Equilibrium Unfold-
ing. All circular dichroism (CD) experiments were performed
on an Aviv model 400 CD spectropolarimeter using a
computer-controlled Hamilton Microlab syringe titrator with
samples in CD buffer [20 mM NaPO4, 150 mM NaCl, and 0.1
mM TCEP (pH 7.8)] at 20 °C. CD spectra were collected
with a 5 s signal averaging every nanometer from 280 to 200
nm; protein concentrations were 30−50 μM in a 0.1 cm path
length quartz cuvette. Equilibrium unfolding experiments were
monitored at 220 nm using a 5 min equilibration time and 30 s
signal averaging; protein concentrations were 3−5 μM in a 1
cm path length quartz cuvette. Urea (VWR Life Sciences) used
for denaturation studies was deionized using a mixed-bed resin
(Bio-Rad) immediately prior to use; urea concentrations were
determined using refractometry.24 Two-state analysis of
equilibrium unfolding experiments was performed as described
in ref 25. Errors in thermodynamic parameters from
equilibrium unfolding experiments are from three independent
experiments.

NMR Spectroscopy. Backbone resonances of wild-type
and variant pp32 proteins were assigned as described in ref 22
using a Bruker Avance II 600 MHz spectrometer equipped
with a cryoprobe. Triple-resonance experiments [HNCA,
HNCACB, CBCA(CO)NH, HNCO, and 15N-edited 1H−1H
NOESY] along with wild-type pp32 assignments22 were used
to assign variant proteins. Assignments were made using the
CARA program.26

Side-chain assignments were determined using NH2-filtered
HSQC, CBCGCO,27 and CγO-coupled NH2−HSQC/HNCO
E.COSY experiments.28−30 Side-chain Cγ assignments were
made using CBCGCO spectra in conjunction with Cβ

assignments from backbone triple-resonance experiments.
Asparagine Cγ assignments were then linked to side-chain
HE/Z proton pairs with an NH2-filtered

1H−13C HSQC
experiment. Stereospecific assignments of asparagine HE and
HZ resonances were determined from J coupling values
measured in E.COSY experiments (see Results) and were
confirmed using proton−proton nuclear Overhauser effects
(NOEs). All side-chain assignments were made using Sparky.31

Wild-type (except for stereospecific assignments), Y131F/
D146L (YD), and L69A side-chain assignments were inferred
by comparison with C123N and T49L spectra.

Figure 1. Structure and sequence of pp32 and its asparagine ladder.
(A) Hydrogen bond network of the side-chain NH2 groups of
asparagines 74 and 98. Potential hydrogen bonds to backbone
carbonyls identified in the crystal structure are shown as dashed lines.
(B) Structure of pp32 (Protein Data Bank entry 4XOS) with
substituted residues shown as sticks. Repeats are colored from blue
(N-terminus) to red (C-terminus). Key residues in this study are
colored as follows: T49, purple; N74 and N98, gray; L69, green;
C123, orange; Y131 and D146, blue. (C) Canonical LRR motif and
pp32 sequence separated into caps and repeats. Residues are aligned
on the basis of the HMM logo in Figure S1; minor shifts in the
alignment were introduced on the basis of the three-dimensional
structure of pp32. Positions corresponding to the LRR motif are
highlighted in gray.
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Chemical shift perturbations (CSPs) were calculated as the
weighted Euclidean distance between wild-type and variant
chemical shifts (δH/N

WT and δH/N
Var ) using the equation

CSP
( ) 0.14( )

2HN
H
WT

H
Var 2

N
WT

N
Var 2δ δ δ δ

=
− + [ − ]

(1)

where 0.14 is a weighting factor to normalize δN to δH.
32

15N transverse relaxation rates with attenuated exchange
contributions (R2*) were determined using two-dimensional
(2D) constant time (CT) CPMG experiments.33 For two-
point relaxation dispersion experiments, νcpmg was set to 200
Hz (νcpmg =

1/4τcp; τcp = 1.25 ms) or 1 kHz (τcp = 250 μs) to
observe relaxation with maximal and minimal effects of
chemical exchange, respectively. R2* values were determined
using a νcpmg of 1 kHz to measure exchange-minimized
relaxation of backbone and side-chain amides on the
picosecond to nanosecond time scale, with R2* values
calculated using eq 1 from ref 33.

1H−15N NOE experiments were performed using the pulse
sequence in ref 34. The ratio between spectra with and without
1H saturation was used to determine 1H−15N NOE effects.
Temperature Coefficients. Chemical shift values used to

determine temperature coefficients for wild-type and all
peripheral variants were obtained from 1H−15N HSQC spectra
using a Bruker Avance 600 MHz spectrometer equipped with a
cryoprobe. Additional chemical shift data for the T49L variant
were obtained from TROSY spectra of a 15N-labeled, 50% 2H
T49L sample using a Varian 800 MHz spectrometer equipped
with a room-temperature triple-resonance probe. HSQC
spectra were recorded at 10, 15, 20, and 30 °C; TROSY
spectra were recorded at 5 °C intervals from 10 to 35 °C. Peak
assignments for each variant were determined by referencing
NH2 peaks from the 20 °C spectrum to the NH2 assignments
of wild-type, C123N, and T49L pp32; peaks could then be
tracked by overlaying all spectra from the temperature series.
Chemical shifts for resolvable amides were fit to a linear model.
Amides that were unresolved at any temperature were excluded
from the analysis.
Hydrogen Exchange of Asparagine Side-Chain NH2

Groups. Hydrogen exchange rates from side-chain amides
were measured using two types of experiments. To obtain
overall exchange rates for wild-type and variant pp32
constructs, we used NH2-filtered HSQC experiments. This
approach has an advantage in that it suppresses slow-
exchanging resonances from amide NH groups. In this
experiment, a decrease in NH2 signal intensity results from
exchange of either the HZ or the HE with a deuteron. As such,
the apparent rate constant is the sum of the exchange rate
constants for the HZ and HE protons. In addition, we used
unfiltered 1H−15N HSQC spectra from the backbone hydro-
gen exchange studies of Dao et al.21 to resolve the exchange
rates of the HE and HZ protons for wild-type pp32.
For the NH2-filtered exchange measurements, exchange was

initiated as described in ref 21. A spin column was packed with
2 mL of preswollen G-25 fine Sephadex (GE Healthcare) and
washed three times with 2 mL of water followed by three 2 mL
washes with hydrogen exchange buffer [150 mM NaPO4, 50
mM NaCl, 0.1 mM TCEP, and 100% D2O (pH 6.8) (after
accounting for D2O)]. Samples were applied to the
equilibrated column, collected by centrifugation, and immedi-
ately placed in a Bruker Avance 600 MHz spectrometer at 30

°C. NH2-filtered HSQC spectra were recorded every 30 min
for up to 4 h. After 4 h, spectra were recorded at longer
intervals (hours or days); samples were immersed in a 30 °C
water bath between spectral recordings.
Exchange rates for NHD species were obtained from data

collected in ref 21. Assignments were made by comparison to
the wild-type NH2-filtered HSQC spectrum determined in this
study. Because there is substantial overlap between the NH2
and NHD peaks for both HZ and HE protons, peak heights
were obtained by fitting cross-peaks using a single 2D
Lorentzian function. The quality of fits was determined by
visual inspection of one-dimensional slices in the 1H and 15N
dimensions; when fitting with a single Lorentzian results in
systematic residuals, a second Lorentizan was included in the
fit.
The decay of NH2-filtered NH2 peak heights during

hydrogen exchange experiments was fitted with a single-
exponential decay using the equation

I t A B( ) e k tex= +− (2)

where I(t) is the peak height at time t, A is the initial peak
height (at time zero) above the baseline B at time zero, and kex
is the rate constant for exchange. The buildup and subsequent
decay of unfiltered asparagine 74 (NDE)HZ peak heights were
fitted with the double-exponential equation below (eq 3). The
buildup of unfiltered asparagine 98 (NDE)HZ and (NDZ)HE
peak heights was globally fitted with eqs 3 and 4

I t A B( ) e eZ Z
k t k k t

Z
( )Z E Zex,H ex,H ex,H= [ − ] +− − +

(3)

I t A B( ) e eE E
k t k k t

E
( )E E Zex,H ex,H ex,H= [ − ] +− − +

(4)

where IZ(t) and IE(t) are the peak heights for the (NDE)HZ

and (NDZ)HE isotopomers, respectively, kex,HE
and kex,HZ

are
the rate constants for hydrogen exchange of HE and HZ,
respectively, and are shared globally during the fit, and AZ and
AE are the initial peak heights of the (NHE)HZ and (NHZ)HE
isotopomers above baselines BZ and BE, respectively.
Protection factors (PFs) were calculated using the formula

k
k

PF i

ex
=

(5)

where ki is the intrinsic exchange rate constant for an
asparagine side chain and kex is a fitted rate constant from eq
2, eq 3, or eqs 3 and 4. The ki value was determined from a
linear fit of the temperature dependence of rate constants for
asparagine side-chain exchange from previous studies.35−37 To
account for potential sample degradation and spectrometer
drift over the long exchange times of the wild-type and
stabilizing variants (T49L and C123N), peak heights were
normalized against nonexchangeable methyl peaks over the
course of the experiment. For rapidly exchanging variants
(L69A and YD, <24 h), normalization was not necessary.
For hydrogen exchange measurements on asparagine 74 in

the L69A variant, we were able to measure only a few spectra
before the NH2 signal intensity decayed to the baseline. Thus,
we fixed the A parameter from eq 2 due to a lack of data in the
decay portion of the curve. A was fixed at the average value
from the other asparagine 74 hydrogen exchange experiments.

■ RESULTS
Structure and Sequence Features of Asparagine

Ladders in LRR Proteins. In the asparagine ladder motif of
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LRR proteins, the primary amide side chains of asparagines are
completely buried within the nonpolar environment of the
protein core. Because of the high hydrogen bonding capacity of
primary amides and their capacity to donate and accept
hydrogen bonds equally (donating two hydrogen bonds from
the NH2 group and accepting two hydrogen bonds from the
carbonyl oxygen), these buried asparagine side chains are likely
to form extended networks of hydrogen bonds. Crystal
structures of LRR proteins show that this is accomplished
through hydrogen bonds to the amide groups of peptide bonds
(Figure 1A), wherein two peptide amide NH groups donate
hydrogen bonds to each asparagine CγO group and two
peptide carbonyl oxygens accept hydrogen bonds from each
asparagine NH2 group. Though other polar and charged
protein side chains (serine, threonine, histidine, arginine,
aspartate, and glutamate) have high hydrogen bonding
capacities, there is a clear preference for asparagine at the
ladder position of typical LRR repeats [84% of repeats (Figure
S1)]. Only cysteine, serine, and threonine occur at the ladder
position with frequencies of >1% (9.3%, 1.5%, and 1.4%,
respectively), implying that the stereochemistry and hydrogen
bond patterning of the asparagine side chain are well matched
for the ladder environment.
Because of the repetitive architecture of LRR proteins,

analogous peptide groups from each repeat participate in
hydrogen bonding to each buried asparagine. Three of these
hydrogen bonds cross the interfaces between adjacent repeats.
Specifically, the backbone NH donor groups to each
asparagine CγOδ1 and one of the carbonyl acceptor groups to
each asparagine NHZ are from the previous repeat [residues i
− 24 and i − 22 for donors, residue i − 27 for the acceptor
(Figure 1A)]. The fourth hydrogen bond is between the
asparagine ladder NHE and the backbone CO of residue i − 3
in the same repeat; in addition, this backbone CO also acts as
the i − 27 donor to the asparagine in the neighboring C-
terminal repeat. Therefore, this network of backbone carbonyl
acceptors forms a continuous hydrogen bond network (Oi−27···
HZNiHE···Oi−3···HZNi+24HE) that spans the entire ladder. It
seems likely that this network contributes to strong coupling of
adjacent repeats.
Because the ladder asparagine is one of the most conserved

residues in some LRR families (Figure S1), the length of these
ladders can span large distances. For example, the asparagine
ladder in YopM spans 14 continuous repeats.38 Although the
length of this extended hydrogen bond network is impressive, a
large protein like YopM would be a challenging target of high-
resolution studies of hydrogen bonding, such as NMR
spectroscopy. Thus, for the study presented here, we sought
to identify a simple asparagine ladder in a relatively small LRR
protein. The LRR domain from the human pp32 protein meets
this criterion, with two ladder asparagines centered in a short
array of LRRs (Figure 1B). Though internal asparagines in
longer ladders may have properties different from those of the
two-residue ladder in pp32, the shared structural features of all
asparagine ladder residues (most notably, their hydrogen
bonding patterns) suggest their salient properties are preserved
in the short pp32 ladder.19,39 Furthermore, the central ladder
position in pp32 also permits us to determine the effects of
ladder-extending substitutions in adjacent repeats. pp32 is also
well-suited for these studies because high-resolution structures
have been determined40,41 and its thermodynamic stability and
folding kinetics have been well characterized.21,22,42

pp32 has five canonical LRRs flanked by N- and C-terminal
caps (Figure 1B). As pp32 and its homologues are found
predominantly in the animal taxon and have repeat lengths
ranging from 21 to 26 residues, the LRRs of pp32 are best
represented by the “typical” LRR subfamily.19,43 The
asparagine ladder in pp32 is composed of the side chains of
asparagines 74 (repeat 3) and 98 (repeat 4). Unlike repeats 3
and 4, residues at the analogous positions in repeats 1 and 2
are hydrophobic. The residue at the ladder position in repeat 5
is a cysteine, the second most common residue at the ladder
position (Figure 1C and Figure S1).

Effect of Asparagine Ladder Substitutions on pp32
Global Stability. To determine the importance of asparagines
74 and 98 to the stability and structural integrity of pp32, we
generated a series of constructs in which asparagines 74 and/or
98 are substituted with alanine and leucine. With the exception
of the N98A variant, far-ultraviolet (far-UV) CD spectra of
these constructs differ significantly from the wild-type pp32
spectrum (Figure 2A), indicating that the secondary structure

is perturbed by the loss of ladder asparagines. The increase in
negative ellipticity from ∼200 to 210 nm suggests that
substitutions of asparagines 74 and 98 increase the amount
of random coil present in pp32 for all variants except N98A.
Nonetheless, all spectra retain a pronounced shoulder near 218
nm, suggesting that some amount of the native β-sheet
structure is preserved.
To determine how hydrophobic substitutions to the

asparagine ladder impact folding stability and cooperativity,
we collected urea-induced unfolding transitions using CD

Figure 2. CD spectra and urea-induced unfolding of asparagine ladder
and peripheral variants of pp32. (A) Far-UV CD spectra of asparagine
ladder variants. Spectra for alanine variants are colored red (N74A,
solid line; N98A, short dashed line; N74A/N98A, long dashed line).
Spectra for leucine variants are colored blue (N74L, solid line; N98L,
short dashed line; N74L/N98L, long dashed line). The spectrum for
wild-type pp32 is colored gray (dashed line). (B) Urea melts of
asparagine ladder variants. Transitions were monitored by CD at 220
nm and fitted using a two-state model (curves). Data and curves are
transformed to fraction folded. Colors and line styles are as in panel A.
(C) Far-UV CD spectra of peripheral variants (T49L, purple; L69A,
green; C123N, orange; YD, blue). (D) Urea melts of peripheral
variants. Data were collected and transformed as in panel B. Colors
and line styles are as in panel C. Raw titration data are shown in
Figure S2. Conditions: 20 mM NaPO4, 150 mM NaCl, 0.1 mM
TCEP, pH 7.8, 20 °C.
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spectroscopy (Figure 2B and Figure S2A). For all variants,
substitution of ladder asparagines with hydrophobic residues is
significantly destabilizing (Table 1; average ΔΔG°H2O = 4.3

kcal mol−1) and reduces the steepness of the unfolding
transitions (Table 1; average decrease in m-value of 1 kcal
mol−1 M−1). This decrease in the m-value suggests a decreased
cooperativity in unfolding, though the reduced m-value may
also result from partial disruption of structure in the absence of
a denaturant, consistent with the loss of secondary structure
observed by far-UV CD. However, the N98A variant shows a
significant decrease in cooperativity (Δm = 1.0 kcal mol−1

M−1) but has a far-UV spectrum that is the same as that of
wild-type pp32 (Figure 1A), implying that the m-value is due
to a genuine decrease in cooperativity rather than partial
unfolding under native conditions.
This observation demonstrates that the asparagine ladder

plays a role in promoting cooperative folding, in addition to
stabilizing the LRR fold. It is noteworthy that substitution of
both ladder residues with hydrophobic residues (for example,
the doubly substituted N74L/N98L variant) appears to be no
more destabilizing than a single substitution [the singly
substituted N74L and N98L variants (Figure 2B and Table
1)]. Rather, comparison of unfolding transitions of single and
double substitutions suggests that replacement of the second
(isolated) asparagine residue is modestly stabilizing, consistent
with coupling of adjacent ladder asparagines through the
hydrogen bonding network.
In addition to substitutions to asparagines 74 and 98 that

disrupt the ladder, we attempted to extend the asparagine
ladder of pp32 by introducing asparagine residues at equivalent
ladder positions of repeats 1, 2, and 5 [serine 27, valine 52, and
cysteine 123 (Figure 1C)]. Asparagine substitutions in repeats
1 and 2 (S27N and V52N) were destabilizing (Figure S3), but
substitution in repeat 5 (C123N) was stabilizing (Table 1).
The C-terminal C123N variant has a far-UV CD spectrum
similar to that of wild-type pp32 (Figure 2C). Although the
increase in stability is significant, the magnitude of the

ΔΔG°H2O value is less than that observed for hydrophobic
substitutions of ladder asparagines 74 and 98 (Figure 2D,
Figure S2B, and Table 1), suggesting that when in their native
context, ladder asparagines are uniquely stabilizing.
The asymmetric effect of N-terminal versus C-terminal

extension on stability suggests local differences in context
between repeats 2 and 5. In attempting to determine the
sequence origins of this variation, we identified a residue
(threonine 49) in the proximity of valine 52 that differs from
the strongly conserved leucine normally found at this position
(Figure 1C). Substitution of threonine 49 with the consensus
leucine is highly stabilizing (Figure 2D; ΔΔG°H2O = −2.6 kcal
mol−1); moreover, the far-UV CD spectrum of the T49L
variant is nearly identical to that of wild-type pp32. The
isosteric hydrophobic substitution T49V is also stabilizing,
although the stability increment (ΔΔG°H2O = −1.8 kcal mol−1)
is not as large as that for T49L (Table 1), suggesting that the
large increase in the stability of the T49L variant results both
from substitution of the hydroxyl group with a methyl and
from improved hydrophobic packing of the leucine side
chain.44 Although the T49L substitution significantly stabilizes
the pp32 LRR domain, introduction of asparagine at position
52 is destabilizing in the T49L and wild-type pp32 back-
grounds (Table 1).

Assignments of Backbone NH and Asparagine Side-
Chain NH2 Resonances. Because of the unique structural
features of asparagine ladders, which involve burial and
extensive intramolecular hydrogen bonding, the side-chain
NH2 groups of ladder asparagines may be expected to have
unique NMR signatures, including unusual chemical shifts and
1H chemical shift temperature coefficients, which are sensitive
to hydrogen bonding, as well as unique relaxation and
exchange properties, which are sensitive to dynamics. More-
over, these structural features are likely to be sensitive to
nearby perturbations such as ladder extension and changes in
local stability and chemical environment. To explore these
structural features, we assigned backbone resonances for the
stabilizing T49L and C123N variants as well as the side-chain
asparagine NH2 resonances for wild-type, T49L, and C123N
pp32 variants.
The backbone of wild-type pp32 has been assigned

previously using standard triple-resonance techniques.22 Like
wild-type pp32, the T49L and C123N variants both display
well-dispersed 1H−15N HSQC spectra (Figure S4A), with
most resonances overlaying well with wild-type resonances. To
confirm the identities of overlapping resonances and to assign
the resonances that differ from those of wild-type pp32, we
recorded HNCACB, CBCACONH, and HNCO spectra for
T49L and C123N. From these spectra, we were able to assign
backbone resonances of 146 (T49L) and 151 (C123N) of 152
residues.
To assign asparagine side-chain NH2 resonances, we

recorded CBCGCO and NH2-filtered versions of the
1H−15N HSQC and HNCO spectra to connect backbone
assignments to side-chain 15N nuclei. The NH2-filtered
1H−15N HSQC experiment enhances the resolution of
asparagine and glutamine side chains by filtering out backbone
amide groups via exploitation of the proton multiplicity of NH2
versus NH groups (Figure 3A). Similarly, the NH2-filtered
HNCO experiment selectively correlates asparagine and
glutamine side-chain NH2 protons with side-chain CO nuclei.
These spectra, in conjunction with CBCGCO spectra, were

Table 1. Global Stabilities for pp32 Variants

variant ΔG°H2O
a m-valuea

wild-typeb −7.93 ± 0.18 2.86 ± 0.02
S27N −5.45 ± 0.18 2.66 ± 0.07
T49L −10.49 ± 0.33 2.67 ± 0.06
T49V −9.76 ± 0.42 2.76 ± 0.13
V52N −5.62 ± 0.4 2.77 ± 0.20
T49L/V52Nc −9.35 2.80
C123N −8.90 ± 0.23 2.87 ± 0.07
L69Ab −4.99 ± 0.13 3.02 ± 0.03
YDb −4.72 ± 0.14 2.69 ± 0.14
N74A −3.28 ± 0.22 1.98 ± 0.11
N98A −3.18 ± 0.14 1.85 ± 0.06
N74A/N98A −3.62 ± 0.25 1.94 ± 0.06
N74L −3.61 ± 0.03 1.94 ± 0.02
N98L −3.68 ± 0.2 1.59 ± 0.11
N74L/N98L −4.18 ± 0.35 1.83 ± 0.12

aGlobal stabilities were determined from urea-induced unfolding
transitions at 20 °C. Units for ΔG°H2O and m-values are kilocalories
per mole and kilocalories per mole per molar urea. Uncertainties are
standard deviations of the mean from at least three independent
unfolding transitions. bEquilibrium unfolding data are from ref 21.
cOnly a single measurement was made, so no error is reported.
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used to assign side chains starting with Cβ assignments from
HNCACB and CBCACONH experiments. Using this
approach, we assigned all 14 asparagines in the T49L variant
and the 15 asparagines in the C123N variant (Figure S4B).
The asparagine side-chain assignments from C123N and T49L
were readily transferred to wild-type pp32, YD, and L69A.
NH2 groups produce two resonances in 1H−15N HSQC

spectra. For each pair, resonances have identical 15N
frequencies but distinct 1H frequencies (Figure 3A),
corresponding to the HZ and HE protons (Figure 1A). For
surface-exposed asparagines, the HZ proton is typically upfield
of the HE proton, because this proton is closer to the shielding
Oδ1 electrons.

45 Because the unique structural environment of
the ladder asparagines may produce significant chemical shift
changes, we sought to directly assign the asparagine HE and HZ

protons using E.COSY experiments.29,30

In E.COSY experiments, a large J(A−X) coupling constant is
exploited to accurately resolve a small J(B−X) coupling
constant in a system of mutually J-coupled nuclei, A−X−B.
Characteristic E.COSY peak patterns arise in A−B correlated
2D spectra in which the X nuclei are not decoupled during the
experiment, ensuring cross-peaks are observed only between A
and B nuclei with matched X states [e.g., AXα, BXα, but not
AXβ, BXα (Figure 3B)]. We took advantage of a relatively large
negative 1J(Nδ2−Cγ) and a large positive 1J(Cγ−Cβ) to
measure the small 2J(HE/Z−Cγ) and 3J(HE/Z−Cβ) (panels C
and D of Figure 3, respectively), allowing us to determine
stereospecific assignments for asparagine HZ and HE protons
from the sign of the small HE/Z−Cβ,γ coupling constants. The
E.COSY experiments revealed that for asparagines 74 and 98,
chemical shifts of HE and HZ protons are inverted with respect
to the pattern expected for surface asparagine residues, with

Figure 3. Stereospecific NMR assignment of asparagine NH2 side-chain protons. (A) Wild-type pp32 NH2-filtered HSQC spectrum. Ladder side-
chain NH resonances are connected by dashed lines. For N98, only the upfield resonance is resolved, though the position of the downfield proton
is known from HDX experiments where overlapping peaks exchange rapidly (Figure S7). (B) Schematic diagram of an E.COSY cross-peak pattern
with a large positive J(A−X) coupling and a small positive J(B−X) coupling (brackets). Solid circles (black) represent observed resonances in
which A/B nuclei are paired with the same X spin state (here, Xα), whereas dashed circles (gray) represent unobserved resonances in which A/B
nuclei are paired with opposite X states (indicated by labels next to peaks). When J(A−X) and J(B−X) coupling constants have the same sign, the
line connecting the observed resonances has a positive slope, as shown. J(A−X) and J(B−X) coupling constants of opposite sign have a negative
slope. (C) Selections from C123N CγO-coupled NH2−HSQC E.COSY spectra to measure small 2J(HE/Z−Cγ) values.

2J(HE−Cγ) is positive (1−5
Hz, same as in panel B), whereas 2J(HZ−Cγ) is negative (−1 to −5 Hz), permitting the HZ and HE resonances to be assigned using the large
positive 1J(Nδ2−Cγ) coupling constant. For the ladder asparagines 74 and 98, the upfield resonances are displaced with a positive slope (as in panel
B), identifying these resonances as originating from HE. The downfield resonances are displaced with a negative slope, identifying these resonances
as originating from HZ. For nonladder asparagine residues such as N122 (right panel), this pattern is reversed. The full spectrum is shown in Figure
S5. (D) Selections from T49L HNCO E.COSY to measure small 3J(HE/Z−Cβ) values.

3J(HZ−Cβ) is positive (5−10 Hz), whereas 3J(HE−Cβ) is
close to zero, permitting the HZ and HE resonances to be assigned using the large positive

1J(Cγ−Cβ) coupling constant. For the ladder asparagines,
downfield resonances are displaced with a positive slope, identifying these resonances as originating from HZ, whereas upfield resonances have a
vertical displacement, identifying these resonances as originating from HE. Again, for nonladder asparagine side chains (e.g., N122, right panel), this
pattern is reversed. The full spectrum is shown in Figure S5.
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the HZ protons downfield relative to the HE protons (Figure
3C,D and Figure S5). These assignments are consistent with a
number of NOEs between the asparagine 74 and 98 NH2
protons and protons that are nearby in the crystal structure of
pp32 (data not shown). The inversion of the HE and HZ
chemical shifts is unique to the asparagine ladder residues, as
all of the 12 other asparagine side chains have HE chemical
shifts downfield of their HZ chemical shifts, including
asparagine 123 in C123N (Figure 4A). This inversion is
unlikely to be due to local magnetic fields from nearby
aromatics as the nearest aromatic group is >10 Å from either
asparagine ladder NH2 group.

Hydrogen bonding usually results in large downfield
movements of proton chemical shifts.46 Measurement of the
chemical shifts of asparagines 74 and 98 in wild-type pp32
provides a qualitative estimate of the strength of hydrogen
bonding in these ladder residues. The inversion of HZ and HE
proton chemical shifts results from movement of HZ
resonances downfield by 0.6−1 ppm and HE resonances
upfield by 0.4−1.3 ppm (Figure 4A). This inversion suggests
strong HZ hydrogen bonding with the i − 27 backbone
carbonyl group of the previous repeat for both asparagines and
weak HE hydrogen bonding to the i − 3 CO group. Note that
the nonladder asparagine 94 HE proton is also shifted quite far
downfield in all sequence backgrounds, consistent with strong
hydrogen bonding. In the high-resolution crystal structure of
pp32 (Protein Data Bank entry 4XOS), HE of asparagine 94
makes a 2.8 Å hydrogen bond with a side-chain carboxylate
oxygen from aspartate 70.
Chemical Shift Sensitivities of Backbone NH Reso-

nances to N- and C-Terminal Structural Perturbation.
Asparagine ladders provide a direct network of hydrogen
bonding from the N-terminus to the C-terminus of LRR
proteins and may propagate local changes over large distances.
To examine whether such propagation occurs in pp32, we
examined the effects of two peripheral mutations (T49L and
C123N) on the chemical shifts of nearby and distant residues.

These variants were chosen because both are stabilizing and
both maintain structured native states, based on CD and NMR
spectroscopy, and because together they provide a comparison
of perturbations from a potential ladder-extending variant
(C123N) with a non-extending variant (T49L).
Comparison of backbone amide proton chemical shifts of

the T49L and C123N variants to those of wild-type pp32
shows that the C123N substitution causes more distant
1H−15N chemical shift perturbations (CSPs) than the T49L
variant (Figure 4B). In the C123N variant, backbone CSPs
extend N-terminally from the site of the substitution. The
largest backbone CSPs in C123N are in repeat 4, adjacent to
the substituted repeat. Though the backbone CSPs in repeat 3
are smaller than in repeat 4, they are of the same magnitude as
those in repeat 5, the site of the C123N substitution. The
ladder asparagines 98 and 74 have the second and third largest
backbone CSPs, respectively (Figure S6A). Propagation of
structural changes from the C-terminal end of the asparagine
ladder (98) to the N-terminal end (74) may be responsible for
the large CSPs observed far from the substitution site. In
contrast, CSPs of the T49L variant are more localized to the
site of substitution and do not affect the backbone of either
asparagine ladder residue (Figure S6B). Because the T49L and
C123N substitutions are stabilizing, the longer-range perturba-
tions of the C123N substitution, especially at ladder residues
74 and 98, may reflect propagation of perturbations through
the ladder.
Given the importance of side-chain interactions in the

asparagine ladder, CSPs resulting from T49L and C123N
substitution were also determined for the HE/Z protons of all
14 asparagines (Figure S6C). In T49L, ladder side-chain CSPs
extend C-terminally, decreasing in magnitude with an increase
in the distance from the substitution site (that is, N74 HZ ≫
N74 HE > N98 HZ; the chemical shift of N98 HE is not
significantly perturbed). These side-chain CSPs extend a full
repeat further than backbone CSPs for T49L. In C123N,
however, ladder side-chain CSPs are significant only for HZ
protons, even though asparagine 98 HE is closest to the
substitution site. Thus, for both N- and C-terminal substitution
(T49L and C123N), the HZ protons are more sensitive to
perturbation than the HE protons, which may be related to
their large downfield chemical shifts, and perhaps stronger
hydrogen bonding, compared to those of the HE protons.

Dynamics of Asparagine 74 and Asparagine 98 Side-
Chain NH2 Groups. One conspicuous feature of the NH2
cross-peaks of the asparagine ladder residues is their low
intensities compared to those of surface asparagine cross-peaks
(Figure 3A). This decreased intensity is seen in all peripheral
variants, though interestingly, the NH2 resonances of potential
ladder-extending asparagine 123 are of high intensity,
comparable to those of solvent-exposed asparagines. A reduced
intensity could result from either large-amplitude dynamics on
the chemical shift time scale (microseconds to milliseconds) or
rapid transverse relaxation (large R2 values) due to both the
slow overall tumbling on the nanosecond time scale and a
higher local concentration of hydrogen spin density, compared
to those of surface asparagine NH2 groups. To resolve these
two possibilities and to investigate the overall rigidity of the
asparagine ladder, we measured 15N spin relaxation of the
asparagine side-chain NH2 groups in pp32 using various NMR
experiments that probe dynamics on different time scales.
Due to the low signal intensities of asparagine 74 and 98

side-chain NH2 groups, conventional relaxation experiments

Figure 4. Asparagine side-chain proton chemical shifts and chemical
shift perturbations (CSPs) of backbone amides in pp32 variants
relative to WT pp32. (A) HE and HZ chemical shifts for each
asparagine side chain from wild-type pp32 and peripheral variants are
shown as gray and red lines, respectively. Ladder asparagines 74 and
98 are outlined in black. (B) CSPs for T49L (purple) and C123N
(orange) backbone amides. Black outlined circles denote perturba-
tions of ≥1 standard deviation (σCSP) from the mean (dashed vertical
lines). Boxes indicate repeat and cap boundaries. Arrows indicate the
location of each substitution.
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suffered from a low signal-to-noise ratio. To increase the signal
intensity, we equilibrated 15N-labeled proteins in a 7 M urea
solution containing 50% D2O. Under these conditions, all
pp32 variants are unfolded and undergo rapid hydrogen
exchange with the solvent. Upon refolding, exchangeable sites
should be 50% deuterated on average. For the asparagine side-
chain amides, this level of deuteration leads to an equal
distribution of the four isotopomers (NH2, NHZDE, NHEDZ,
and ND2). The singly deuterated species have significantly
weakened HZ−HE dipole−dipole relaxation compared to that
of the NH2 species. Combining an NH-filtered pulse sequence
with deuterium decoupling to reduce scalar relaxation of the
second kind suppresses signals from the NH2 species. Thus,
the only cross-peaks in this experiment are those of the singly
protonated species (NHZDE and NHEDZ), which have higher
signal-to-noise ratios due to elimination of HZ−HE dipole−
dipole relaxation. Thus, standard pulse sequences can be used
to probe 15N dynamics (with minimal modifications such as 2H
decoupling) while retaining a high signal-to-noise ratio.
To test whether the reduced signal intensities of asparagines

74 and 98 result from intermediate exchange on the
microsecond to millisecond time scale, we conducted “two-
point” relaxation dispersion (RD) constant time (CT) CPMG
experiments.33 In these experiments, two spectra are acquired
with CPMG spin echoes applied with different spacings over a
constant time period (T), typically 35−40 ms in duration.
During this period, the NMR signal decays according to an
apparent relaxation rate R2

app = R2 + Rex(v), where R2 is the
contribution from picosecond to nanosecond time scale
dynamics and Rex(v) is the millisecond to microsecond
contribution, which depends on the time interval between
the spin echo pulses. The peak intensity at the end of the CT

period (T) is given by the equation I(T) = I0e
−R2

appT. In the first
spectrum (A), the frequency of spin echoes is kept at the
maximum value allowed by duty cycle considerations,
minimizing the effects of exchange broadening on signal
decay. If exchange contributions are completely quenched,
R2

app = R2. In reality, R2
app = R2* ∼ R2, where R2* is a best-case

approximation to the contribution of picosecond to nano-
second time scale dynamics to signal decay. Therefore, I(A) =

I0e
−R2*T ∼ I0e

−R2T. In the second spectrum (B), the frequency
of spin echoes is minimized, thereby maximizing signal decay
from exchange broadenings. In this scenario, R2

app ∼ R2 + Rex,
where Rex is the millisecond to microsecond contribution to
the signal decay. As a result, I(B) = I0e

−(R2+Rex)T. From this, it
follows that cross-peak intensities with significant Rex
contributions will have lower peak intensities in spectrum B
than in spectrum A. Typically, I(B)/I(A) ratios of <0.75 are
considered to be “candidates” for microsecond to millisecond
dynamics. Additionally, spectrum A can be used to calculate
R2* ∼ R2, the exchange-minimized transverse relaxation rate,
which is sensitive to picosecond to nanosecond time scale
rotational diffusion and N−H bond vector librational
dynamics.
The two-point experiments did not show any difference in

signal intensity between spectra A and B for asparagine ladder
residues in any variant, indicating that the asparagine ladder is
rigid on the microsecond to millisecond time scale. Thus, fast
to intermediate exchange dynamics of 15N nuclei are unlikely
to cause the decreased intensities observed for ladder NH2
resonances. Rather, the CPMG experiments reveal that
asparagine 74 and 98 side-chain NH(D) R2* values are

among the largest relaxation rates of those of the asparagine
side chains in pp32 (Figure 5A). In fact, asparagine 74 and 98

side chains have R2* values equal to or greater than most
backbone R2* values (in Figure 5A, compare black outlined
points to dashes). This is true for all variants at both 20 and 35
°C, suggesting that the side chains of asparagines 74 and 98
have rigidity (and, hence, rotational and correlation times)
comparable to that of hydrogen-bonded backbone NH groups.
In contrast, R2* values for the N123 side-chain NH(D) groups
in the C123N variant are much lower (at 20 and 35 °C) than
for the asparagine 74 and 98 side chains.
To explore rigidity and dynamics on a faster time scale, we

measured 1H−15N NOEs for wild-type pp32 and the T49L and
C123N variants, again using 50% deuterated samples. All
ladder asparagine NH(D) groups have 1H−15N NOE values of
approximately 1. In contrast, nonladder asparagine NH(D)s
span a broad range of 1H−15N NOE values with an average of
0.29. As with R2* values, the 1H−15N NOE values of
asparagine 74 and 98 protons are similar to values for rigid
backbone amides (in Figure 5B, compare black outlined points
to dashes).

Temperature Coefficients of Asparagine 74 and
Asparagine 98 Side-Chain NH2 Groups. The dynamics
experiments described above confirm the ladder is rigidly
structured, consistent with the formation of strong hydrogen
bonds. Strong hydrogen bonding involving the asparagine
ladder HZ protons is also suggested from the chemical shift
values. To further probe the hydrogen bond strength of the
asparagine ladder side chains, we measured the magnitude of
the change in proton chemical shifts with an increase in

Figure 5. Transverse relaxation rates and 1H−15N NOEs for
asparagine NHD and backbone NH groups in wild-type pp32 and
stabilizing variants. Circles indicate asparagine side-chain NHD
values, and dashes to the left of circles indicate backbone amide
values. Experiments were performed at 20 and 35 °C (light and dark
colors, respectively). Values from N74 and N98 side chains are
outlined in black. Samples were labeled with 15N and fully exchanged
into 50% D2O to improve the signal-to-noise ratios of ladder side-
chain resonances. (A) R2* measurements in wild-type pp32, T49L,
and C123N. R2* measurements were determined from two-point
CPMG experiments33 with the equation R2* = −T−1 ln(Imax/I0),
where T is the constant CPMG time period used for the experiment,
Imax is the peak intensity with νcpmg set at the maximum value during
the T period, and I0 is the reference peak intensity. (B)

1H−15N NOE
values for wild-type pp32, T49L, and C123N. Although the NOE
value for wild-type asparagine 98 HZ appears to exceed the theoretical
maximum of ∼0.85 at 20 °C,47 its value at 35 °C is within the
expected range for a protein of this size. Conditions: 20 mM NaPO4,
50 mM NaCl, 0.1 mM TCEP, pH 6.8 (after accounting for D2O).
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temperature (so-called “temperature coefficients”, ΔδNH/ΔT)
for all asparagine side-chain NH2 groups for wild-type pp32,
T49L, L69A, C123N, and YD (Figure 6). ΔδNH/ΔT values can

be used to identify intramolecular hydrogen bonding48 and
have been shown to correlate with hydrogen bond length49−51

and local unfolding.32 Amides engaged in intramolecular
hydrogen bonds have ΔδNH/ΔT values greater (i.e., less
negative) than −4.5 ppb K−1;52 within this range, short strong
hydrogen bonds tend to have more negative ΔδNH/ΔT
values.51

The nonladder asparagine ΔδNH/ΔT values are all negative,
with mean values of −3.5 ± 1.4 ppb K−1 (Figure 6). For some
but not all of these nonladder asparagines, HZ and HE ΔδNH/
ΔT values are distinct and largely independent of the variant
background (for example, N59 and N114). The ladder
asparagines have ΔδNH/ΔT values that are more positive
than those of most nonladder asparagines (Figure 6). This
indicates greater resilience to temperature perturbation, as
expected for stable intramolecular hydrogen bonds. Asparagine
74 HZ ΔδNH/ΔT values are generally more positive than those
of HE; the sole exception is that of the T49L variant. In
contrast, asparagine 98 HE ΔδNH/ΔT values are larger than
those of HZ, with the former showing positive ΔδNH/ΔT
values. This positive ΔδNH/ΔT value suggests that the
hydrogen bond involving asparagine 98 HE is weak, consistent
with its measured 1H chemical shift. In contrast, the asparagine
98 HZs (measured for only C123N and T49L variants) are
among the most negative ladder ΔδNH/ΔT values, suggesting
that the hydrogen bond involving asparagine 98 HZ is
unusually strong, consistent with its measured 1H chemical
shift.
Hydrogen Exchange of Asparagine Ladder NH2

Groups. Chemical shift values, dynamics, and temperature
coefficients provide convincing evidence of the existence of a

rigid network of bonds connecting the side chains of
asparagines 74 and 98, but they do not provide estimates for
the stability of the asparagine ladder structure. The rates of
hydrogen exchange of amide groups with solvent are
influenced by the stability of hydrogen bonds involving
amide NH groups, because exchange requires disruption of
intramolecular hydrogen bonding.53 Thus, NH groups that are
strongly hydrogen bonded exchange slowly. For particularly
stable hydrogen bonds, exchange rates may decrease to the
limit set by global stability. Although global protection from
exchange is often observed for a subset of backbone NH
groups that are buried and stably hydrogen bonded into
secondary structures, large protection factors are not typically
seen for labile side-chain protons.54

To probe the local stability of the asparagine ladder, we
monitored hydrogen−deuterium exchange (HDX) rates by
rapidly changing the solvent from H2O to D2O and recording
1H−15N HSQC spectra over time (Figure 7). The NH2-filtered

HSQC pulse sequence was used to reduce spectral overlap
between asparagine 74 and 98 NH2 groups and backbone
amides. As a result, exchange curves report on the decay of the
NH2 isotopomer to the NHEDZ or NDEHZ isotopomer.
Therefore, the fitted exchange rate constant is the sum of the
individual HE and HZ exchange rate constants and can be
regarded as an upper limit for exchange. If one hydrogen
exchanges faster than the other, the rate constant approximates

Figure 6. Temperature coefficients for asparagine side chains in wild-
type pp32 and peripheral variants. HE and HZ temperature coefficients
for each asparagine side chain from wild-type pp32 and peripheral
variants are shown as gray and red lines, respectively. The two ladder
positions are outlined in black. Temperature coefficients were
determined from linear fits to changes in proton chemical shift at
four temperatures (283, 288, 293, and 303 K). Conditions: ∼600 μM
protein, 20 mM NaPO4, 50 mM NaCl, 0.1 mM TCEP, pH 6.8.

Figure 7. Side-chain hydrogen exchange data and protection factors
for N74 and N98 side-chain NH2 groups in wild-type pp32 and
variants. (A) N74 peak heights as a function of exchange time for
wild-type pp32 and peripheral variants (wild-type, gray; T49L, purple;
C123N, orange; L69A, green; YD, blue). HE heights are shown as
empty circles with dashed fitted curves. HZ heights are shown as filled
circles with solid fitted curves. (B) N98 peak heights as a function of
exchange time as in panel A. (C) Logarithmic protection factors for
N74 NH2 protons vs folding free energies calculated from urea
denaturation experiments (Figure 2). Circles from NH2-filtered
HSQCs are colored as in panel A; squares are from unfiltered
HSQC spectra of wild-type pp3221 (HZ, filled gray square; HE, empty
gray squares). The dashed line represents global exchange (slope = 1;
intercept = 0). (D) Logarithmic protection factors for N98 NH2
protons as in panel B. Conditions: 150 mM NaPO4, 50 mM NaCl, 0.1
mM TCEP, pH 6.8 (after accounting for D2O), 30 °C. Note that
although these conditions are slightly different from those in Figure
2D, these differences have no effect on the fitted thermodynamic
parameters (not shown).
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the fast exchange process, whereas if the two protons exchange
at the same rate, the fitted rate constant is twice the individual
exchange rate constants.
In the first spectrum obtained after exchange is initiated

(25−90 min), all of the solvent-exposed asparagines have fully
exchanged, leaving only cross-peaks for N74 and N98 NH2
groups (in Figure S7, note that rapid exchange during sample
preparation is also observed for the potential ladder-extending
asparagine 123 in the C123N variant). The side-chain NH2
protons of asparagine 74 are highly protected, with lifetimes
ranging from hours to days depending on the variant (Figure
7A). The side-chain NH2 protons of asparagine 98 are even
more protected than those of asparagine 74, with lifetimes of
≤2 months for the most stable variants (Figure 7B). The
exchange rates of asparagines 74 and 98 are several orders of
magnitude smaller than those measured for solvent-exposed
asparagines.54

Though the individual HE and HZ exchange rates could not
be determined from the NH2-filtered exchange data, we were
able to determine HE and HZ exchange rates for both ladder
asparagines in wild-type pp32 using unfiltered 1H−15N HSQC
spectra that were obtained in a previous study of backbone
amide hydrogen exchange.21 Using these spectra, we
determined the HE and HZ exchange rates for the side chains
of asparagines 74 and 98 by monitoring cross-peaks from the
NHD species (Figure S8). Asparagine 74 HZ exchanges more
slowly than HE does (Table 2), consistent with HZ and HE
exchange rates in model compounds36 and with an EX2
exchange process. Asparagine 98 HE and HZ exchange at nearly
the same rate, which may be an indication that for this highly
protected group, exchange has some EX1 character. The
overall slower rates of exchange determined from the unfiltered
versus filtered HSQC spectra are likely to result from the lower
temperature of the former (20 °C vs 30 °C).
To determine whether exchange of the asparagine ladder

NH2 protons requires complete unfolding for exchange, we
computed local stabilities from protection factors (PFs) and
compared these values to unfolding free energies measured
from urea denaturation experiments. The ladder-extending
(C123N) and peripheral substitutions (T49L, L69A, and YD)
were used to modulate global stability and potentially alter
hydrogen exchange rates. For asparagine 74, local stabilities
estimated from hydrogen exchange measurements are lower
than the global stability limit for each variant, particularly for
variants with increased global stability [C123N and T49L
(Figure 7C)]. This suggests that exchange of the N74 side-
chain NH2s involves a subglobal mechanism, although the
partial correlation to global unfolding free energies indicates

that the exchange-competent forms are influenced to some
degree by overall stability. In contrast, local stabilities
estimated from asparagine 98 hydrogen exchange rates are
close to values expected from global exchange (Figure 7D)
over a broad range of global stabilities. Only the most highly
stable T49L variant falls off the unit slope line, exchanging with
a rate that is roughly equivalent to that of the C123N variant
despite being 1.6 kcal mol−1 more stable. These very slow
hydrogen exchange rates are consistent with strong hydrogen
bonding for both ladder asparagine side chains, especially that
of asparagine 98.

■ DISCUSSION

The asparagine ladder is a highly conserved feature of many
LRR proteins. Despite conjecture about the importance of the
ladder to LRR proteins,39 few studies have directly probed the
role of the asparagine ladder in LRR protein structure and
stability. The unique properties shared by asparagines 74 and
98 (i.e., inverted HE and HZ chemical shifts, large protection
factors, large contributions to ΔG°H2O, etc.) derive from their
chemical environment, which crystal structures show to be
common among ladder asparagines across the LRR fam-
ily.38,39,55 Thus, it is likely that the features observed in the
short asparagine ladder of pp32 are representative of residues
in longer ladders like those of YopM. This study shows the
asparagine ladder is a key component of LRR structure that
forms a rigid network of hydrogen bonds providing repeat-to-
repeat coupling.

Asparagine Ladder Hydrogen Bonds. Crystal structures
have shown that asparagine ladder side chains form hydrogen
bonds with local backbone atoms.39 The urea-induced
unfolding transitions measured here provide compelling
experimental evidence that these hydrogen bonds contribute
favorably to stability (Figure 2). Substitution of either ladder
residue increases the folding free energy of pp32 by ∼4.5 kcal
mol−1 compared to that of wild-type pp32 (Table 1). Ladder
asparagine side chains also behave like structured backbone
amides in NMR relaxation experiments (Figure 5). Addition-
ally, ladder side chains are highly protected from hydrogen
exchange (Figure 6). To the best of our knowledge, the only
comparable levels of protection of exchangeable side chains are
those of asparagines 43 and 44 of BPTI.56 However, unlike the
ladder asparagine 98 in pp32, the protected asparagines in
BPTI exchange more rapidly than the global exchange limit,
based on the stability of BPTI.57 Given these data, it is clear
that ladder side chains form stable interactions integral to the
LRR motif.

Table 2. Hydrogen Exchange Rates for Ladder Asparagine Side Chains in pp32 Variantsa

asparagine 74 asparagine 98

variant NH2
b HZ

c HE
c NH2

b HZ
c HE

c

wild-type (41.7 ± 1.7) × 10−6 (3.0 ± 0.3) × 10−6 (7.7 ± 1.3) × 10−6 (2.7 ± 0.1) × 10−6 (1.4 ± 0.2) × 10−7 (1.2 ± 0.2) × 10−7

T49L (4.3 ± 0.1) × 10−6 − − (2.3 ± 0.1) × 10−7 − −
L69Ad (845 ± 92) × 10−6 − − (301 ± 58) × 10−6 − −
C123N (12.4 ± 0.2) × 10−6 − − (2.3 ± 0.1) × 10−7 − −
YDd (38 ± 9) × 10−6 − − (17 ± 8) × 10−6 − −
aUnits for hydrogen exchange rate constants are inverse seconds. Estimates of uncertainty are from the square root of the diagonal elements of the
covariance matrix obtained from nonlinear least-squares fitting. bHydrogen exchange rates were measured from NH2-filtered HSQC spectra at 30
°C with 150 mM NaPO4, 50 mM NaCl, and 0.1 mM TCEP (pH 6.8) (after correcting for D2O).

cHydrogen exchange rates were calculated using
unfiltered HSQC spectra from ref 21 recorded at 20 °C with 20 mM NaPO4, 50 mM NaCl, 0.1 mM EDTA, and 0.2 mM TCEP (pH 6.7) (after
correcting for D2O).

dOnly partial decay curves were obtained due to rapid exchange; thus, uncertainties in rate constants are comparatively large.
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The high degree of protection of asparagine ladder NH2
groups from hydrogen exchange demonstrates that these
groups are completely sequestered from the solvent. Thus,
variations in the temperature coefficients (ΔδNH/ΔT values) of
ladder NH2 proton resonances result from changes in the
native protein structure. The asparagine 98 HE and HZ ΔδNH/
ΔT values are particularly notable given their opposite signs
compared to those of surface-exposed asparagines, with HE
protons showing positive ΔδNH/ΔT values (Figure 6). The
large difference in ΔδNH/ΔT values for the HE and HZ protons
of asparagine 98 suggests different levels of hydrogen bonding
for the HE and HZ protons.
As with ΔδNH/ΔT values, the HE and HZ protons of

asparagine 98 also differ significantly in their proton chemical
shifts, which are not only inverted compared to those of
unstructured asparagine NH2 groups but also significantly
separated from each other [by ∼1.35 ppm in the proton
dimension (Figure 4A)]. The downfield shifts in the HZ
asparagine 98 protons and the upfield shifts of the HE protons
relative to surface asparagines suggest an asymmetric degree of
hydrogen bonding by the ladder side chains, in which HZ
forms a strong hydrogen bond to the previous repeat whereas
the HE proton hydrogen bonds weakly. This is supported by
the ΔδNH/ΔT values, which show that asparagine 98 HZ is
more negative than HE consistent with a shorter HZ hydrogen
bond.50

Though the HE/HZ chemical shift differences for asparagine
74 are similar to those for asparagine 98, they are less
pronounced, consistent with the overlapping distribution of
ΔδNH/ΔT values for the HZ and HE resonances of asparagine
74. Interestingly, the T49L variant is exceptional in this regard,
showing an HZ/HE proton chemical shift separation (1.380
ppm) that is similar to those for asparagine 98 (∼1.48 ppm);
likewise, the asparagine 74 HE ΔδNH/ΔT value in the T49L
variant is larger than that of HZ. It is possible that the strongly
stabilizing T49L substitution strengthens the asparagine 74 HZ
hydrogen bond to the backbone CO group of residue 49 (the
site of the substitution) so that it resembles that of asparagine
98.
The unique spectroscopic features of asparagine 98 (in

particular, chemical shifts and ΔδNH/ΔT values) and the
convergence of asparagine 74 to these features in a variant in
which the donor residue to asparagine 74 HZ is substituted
with the consensus sequence (Figure S1) suggest an archetypal
LRR ladder bonding pattern in which the inter-repeat HZ
hydrogen bond is strong and the intrarepeat HE hydrogen
bond is weak. This pattern of bonding is consistent with the
absence of a detectable isotope effect between asparagine 74
HE and asparagine 98 HZ despite their sharing a hydrogen
bond acceptor (Figure 1A). Such isotope effects have been
observed between hydrogen bond pairs to a single accept-
or;58,59 the absence of such an effect here, along with the
upfield chemical shift of HE, is consistent with a weak HE
hydrogen bond.
Asparagine Ladder Structural Features. Above, we

described the evidence of the asparagine ladder’s formation of
stable hydrogen bonds. As a result, the highly structured side
chains likely experience increased dipolar relaxation from other
nearby structured protons, which would explain why the ladder
HE/Z protons have low signal intensities. High-resolution
structures of pp32 show that asparagine 74 and 98 HE/Z are
indeed surrounded by a larger number of ordered protons than
nonladder asparagines (Figure S9A). In addition, the backbone

amide signal intensity is inversely correlated with the number
of interproton contacts (Figure S9B). Because the ladder side
chains seem to behave like the structured backbone amides, we
view the asparagine ladder as a “second backbone”, providing a
hydrogen bonding network that extends through the hydro-
phobic core. In large LRR proteins such as YopM, extended
asparagine ladders may provide coupling over long distances
and may contribute to the high degree of cooperativity seen in
those proteins.20,60

The importance of this second backbone to the LRR motif is
exemplified by the far-UV CD spectra of wild-type pp32 and
ladder substitution variants (Figure 2A). These variants show
progressively larger disruptions in native secondary structure as
one and then both asparagines are substituted. YopM, another
LRR protein, shows similar changes in its far-UV CD spectrum
after deletion of stabilizing repeats, which results from
unfolding of multiple repeats that are adjacent to the site of
deletion.61 These partial unfolding transitions highlight the
importance of interfaces in stabilizing leucine-rich repeats. The
pp32 data extend this observation, showing that only the
conserved asparagine need be removed to elicit a similar
disruption in secondary structure. This suggests that the
asparagine ladder is a major contributor to LRR interfaces,
which are integral to the LRR secondary structure.
Despite the demonstrated importance of the asparagine

ladder to LRR structure, ladder-extending substitutions were
either destabilizing [S27N and V52N (Figure S3)] or only
marginally stabilizing [C123N (Figure 2D)]. For C123N, the
substituted asparagine has a small R2*, undergoes rapid
hydrogen exchange (Figures 5A and 6), is highly dynamic on
the picosecond to nanosecond time scale (Figure 5B), and
lacks strong NOEs to protons expected to be in the proximity
(data not shown), features more similar to those of the solvent-
exposed asparagines than to those of ladder asparagines 74 and
98. The inability to extend the ladder to adjacent repeats
highlights the importance of sequence context for the ladder
architecture. It appears that LRRs lacking an asparagine at the
ladder position have additional sequence differences that
stabilize the non-asparagine residue (e.g., valine 52 in pp32)
and that these sequence differences are incompatible with an
asparagine. However, multiple-sequence alignments of tandem
LRRs show little pairwise covariance between the ladder
position and other positions, suggesting that any such
covariance involves multiple positions.

Asparagine Ladder and Cooperativity. As a result of
the asparagine ladder’s role at repeat interfaces, it is likely to
contribute to cooperativity during protein folding. The
chemical denaturation of the N98A variant of pp32 supports
this hypothesis, showing a significantly shallower unfolding
transition than wild-type pp32 while retaining nativelike
structure. This behavior differs from that of pp32 variants
that replace the conserved leucine residues that define the LRR
motif. Previous studies have shown that substitutions with
conserved leucines are similarly destabilizing but do not affect
cooperativity.20,21 Coupling is also demonstrated in the non-
additivity of ΔG°H2O values for the asparagine ladder
substitutions. Substituting either ladder asparagine is strongly
destabilizing (ΔΔG°H2O ≈ 3.5 kcal mol−1), but substitution of

the second ladder asparagine is modestly stabilizing (ΔΔG°H2O

≈ −0.4 kcal mol−1 relative to the single variant). This indicates
an energetic coupling between the two positions62,63 of around
−5 kcal mol−1; in other words, ladder asparagines are stabilized

Biochemistry Article

DOI: 10.1021/acs.biochem.9b00355
Biochemistry 2019, 58, 3480−3493

3490

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00355/suppl_file/bi9b00355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00355/suppl_file/bi9b00355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00355/suppl_file/bi9b00355_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00355/suppl_file/bi9b00355_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.9b00355


by their neighboring asparagines by 5 kcal mol−1. Because
individual LRRs are likely unfolded,64,65 the coupling provided
by the asparagine ladder is important for LRR protein folding.
Although the double-mutant cycles reveal coupling between

ladder asparagines, they do not reveal how coupling is
achieved. A possible mechanism is suggested from the pattern
of CSPs in the stabilizing pp32 variant C123N. This
substitution produces significant CSPs for asparagine 74
backbone NH and side-chain HZ despite their distance from
the substitution site (>9 Å). Because asparagine 98 directly
contacts substituted residue 123, residue 74 CSPs may be
transmitted through structural rearrangements of asparagine
98. This would imply the asparagine ladder residues can
propagate structural changes between adjacent ladder posi-
tions. In addition to the hydrogen bonds between the
asparagine side-chain NH2 and backbone carbonyl oxygens at
positions i − 27 and i − 3, a second possible conduit for
propagation is hydrogen bonding between the backbone amide
of the ladder residue in repeat i − 1 and the ladder side-chain
Oδ1 in repeat i (Figure 1A). Perhaps the modest sensitivity of
the HE chemical shift to substitution is related to the
comparatively weak hydrogen bond involving the HE proton.
Small structural changes would result in large chemical shift
changes for the strongly hydrogen bonded HZ (consistent with
large negative ΔδNH/ΔT values) but small chemical shift
changes for the weakly bonded HE proton. This explanation is
consistent with the observation that the HZ CSP resulting from
the C123N substitution is in the upfield direction (Figure S6).
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(56) Tüchsen, E., and Woodward, C. (1987) Hydrogen Exchange of
Primary Amide Protons in Basic Pancreatic Trypsin Inhibitor:
Evidence for NH2 Group Rotation in Buried Asparagine Side Chains.
Biochemistry 26, 8073−8078.
(57) Makhatadze, G. I., Kim, K. -S, Woodward, C., and Privalov, P.
L. (1993) Thermodynamics of bpti folding. Protein Sci. 2, 2028−2036.
(58) Liu, A., Lu, Z., Wang, J., Yao, L., Li, Y., and Yan, H. (2008)
NMR detection of bifurcated hydrogen bonds in large proteins. J. Am.
Chem. Soc. 130, 2428−2429.
(59) Preimesberger, M. R., Majumdar, A., Aksel, T., Sforza, K.,
Lectka, T., Barrick, D., and Lecomte, J. T. J. (2015) Direct NMR
detection of bifurcated hydrogen bonding in the α-helix N-caps of
ankyrin repeat proteins. J. Am. Chem. Soc. 137, 1008−1011.
(60) Kloss, E., and Barrick, D. (2008) Thermodynamics, Kinetics,
and Salt dependence of Folding of YopM, a Large Leucine-rich
Repeat Protein. J. Mol. Biol. 383, 1195−1209.

Biochemistry Article

DOI: 10.1021/acs.biochem.9b00355
Biochemistry 2019, 58, 3480−3493

3492

http://dx.doi.org/10.1021/acs.biochem.9b00355


(61) Kloss, E., and Barrick, D. (2009) C-terminal deletion of
leucine-rich repeats from YopM reveals a heterogeneous distribution
of stability in a cooperatively folded protein. Protein Sci. 18, 1948−
1960.
(62) LiCata, V. J., and Ackers, G. K. (1995) Long-Range, Small
Magnitude Nonadditivity of Mutational Effects in Proteins.
Biochemistry 34, 3133−3139.
(63) Di Cera, E. (1995) Thermodynamic theory of site-specific binding
processes in biological macromolecules, Cambridge University Press,
Cambridge, England.
(64) Krantz, D. D., Zidovetzki, R., Kagan, B. L., and Zipursky, S. L.
(1991) Amphipathic β structure of a leucine-rich repeat peptide. J.
Biol. Chem. 266, 16801−16807.
(65) Gay, N. J., Packman, L. C., Weldon, M. A., and Barna, J. C. J.
(1991) A leucine-rich repeat peptide derived from the Drosophila
Toll receptor forms extended filaments with a β-sheet structure. FEBS
Lett. 291, 87−91.

Biochemistry Article

DOI: 10.1021/acs.biochem.9b00355
Biochemistry 2019, 58, 3480−3493

3493

http://dx.doi.org/10.1021/acs.biochem.9b00355

