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ABSTRACT: Ion mobility spectrometry-mass spectrometry and quantum chemical
calculations are used to determine the structures and stabilities of singly protonated
XaaProGlyGly peptides: H+DPGG, H+NPGG, H+EPGG, and H+QPGG. The IMS
distributions are similar, suggesting the peptides adopt closely related structures in the gas
phase. Quantum chemical calculations show that all conformers seen in the experimental
spectrum correspond to the cis configuration about the Xaa−Pro peptide bond,
significantly different from the behavior seen previously for H+GPGG. Density functional
theory and quantum theory of atoms in molecules (QTAIM) investigations uncover a
silent drama as a minor conformer not observed in the H+DPGG spectrum becomes the
preferred conformer in H+QPGG, with both conformers being coincident in collision
cross section. Investigation of the highly coupled hydrogen bond network, replete with
CH···O interactions and bifurcated hydrogen bonds, reveals the cause of this effect as
well as the absence of trans conformers from the spectra. A series of generalized
observations are provided to aid in enzyme and ligand design using these coupled
hydrogen bond motifs.

1. INTRODUCTION
Peptides and proteins are vital biomolecules responsible for
carrying out biological functions, and they are known to exist
in structural ensembles separated by low-energy barriers.
Typically, the low energetic “native” structure is thought to be
the only biologically active state, although functioning proteins
with flexible or poorly defined structures challenge this
paradigm. The ensemble nature of these peptides impedes
our ability to predict their structures, especially when
considering biomolecules which bear regions with intrinsic
disorder.1,2 Experimental tools such as X-ray crystallography3

and nuclear magnetic resonance spectroscopy4 can map the
atomistic positions for well-structured polypeptides with
extraordinary detail. However, these studies are difficult
when investigating highly dynamic systems that diffract poorly
or undergo rapid structural interconversions. As biomolecular
function is intimately linked to structure,1 there is an imminent
need to devise new approaches to reveal how structure is
established.
In some cases, single amino acid mutations can induce slight

structural perturbations resulting in the buildup of toxic
species. For example, β-2 microglobulin is a small protein
serving as the light chain of the major histocompatibility class I
complex responsible for activating T cells in acquired immune
responses.5−7 The mutation D76N on β-2 microglobulin
causes it to aggregate, triggering the buildup of toxic amyloid
fibrils. However, Asp to Asn mutations at the other seven
positions (sites 34, 38, 53, 59, 76, 96, and 98) are not involved
in amyloidosis.7 The crystal structures for several of these

species showed similarities in the overall fold as well as in the
hydrogen bonding network near Asp76 except for D76N itself,
which shows more rigid hydrogen bonds. This suggests that
Asp confers more than just a negative charge to enhance
stability and prevent fibril formation, highlighting the
importance of understanding the effects of perturbing protein
hydrogen bond networks.
While the conformers proteins adopt are influenced by a

number of factors, the importance of hydrogen bonding in
determining the structure of the dominant conformer should
not be overlooked.8−10 Even weak hydrogen bonds such as
CH···O interactions have been found as a repeating motif in
biological structures.11,12 Bifurcated hydrogen bonds that share
a single donor or acceptor (also referred to as three-center
hydrogen bonds) have also been found in a number of species
including DNA oligomers.13,14 Specifically, in the case of
enzymes, the structure and coupling of complex hydrogen
bonding networks formed from bifurcated hydrogen bonds has
been found to play a large role in the function of active sites,
with recent experimental and computational work focused on
the magnitude of such couplings.15,16 However, these systems,
being biologically relevant and active, are extremely complex:
though bifurcated hydrogen bonds were found and observed to
be coupled, little has been said in the way of general empirical
rules on how the coupling of hydrogen bonds affects the
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prevalence of certain structures or conformers. Herein we use
ion mobility spectrometry and quantum chemical calculations
to explore four model, singly protonated peptides, H+XPGG, X
being D, N, E, and Q, with the aim of understanding how
simple, single-site mutations affect hydrogen bond networks
and influence the preferred gas-phase conformer17−19 of each
specimen.
A number of groups are now using ion mobility

spectrometry-mass spectrometry (IMS-MS) to study biomo-
lecular structure and dynamics.20−28 In IMS, the unique ion
mobilities are determined by measuring the time required to
traverse a drift tube filled with an inert buffer gas. The mobility
measurements can be related to the ions’ orientationally
averaged collision cross section, which effectively reports on an
ion’s shape.29 The solvent-free nature of gaseous ions prevents
further structural interconversions that require interaction with
bulk solvent.
IMS-MS techniques have recently been used to follow

structural transitions of peptides and proteins.21,25,28,30−34

However, IMS measurements rely on molecular dynamics
simulations and quantum chemical calculations to glean insight
into the atomic positions of the underlying structures.35−38 We
have previously benchmarked a wide variety of computational
techniques on IMS measurements of H+GPGG and will now
interrogate the structures of conformers rather than assessing
the accuracy of theory.37 To assess the relative strengths of
hydrogen bonds in each peptide conformer, we will employ the
technique of Quantum Theory of Atoms in Molecules
(QTAIM)39−42 as well as general observations of hydrogen
bond lengths and angles. QTAIM has been used widely in the
study of hydrogen bonds,42−49 including CH···O hydrogen
bonds50,51 and intramolecular three-centered (bifurcated)
hydrogen bonds,52 making it a desirable method to carry out
the analysis in this work. QTAIM will be used here to verify
the existence of hydrogen bonding interactions as well as
assessing the potential energy densities at bond critical points
as a measure of hydrogen bond strength.47,49,50

Herein we show the details of hydrogen bond coupling in
the hairpin tetrapeptides H+DPGG, H+NPGG, H+EPGG, and
H+QPGG. The hydrogen bond networks are only slightly
perturbed by changes in the N-terminal residue, ensuring that
all changes in the conformational landscape are due to
hydrogen bonding, making these excellent test systems. The
first section of Results and Discussion details the ion mobility
spectra of all species and the conformers constituting the
experimental spectra ascertained through high-level quantum
chemical calculations. From here, we will relate the absence of
trans conformers (about the Xaa−Pro peptide bond) in the
spectra to the relative strengthening of the cis hydrogen
bonding network as substitution occurs at the N-terminus. We
will explain the effects of substituting D with N and E with Q
as well as the effects of substituting D with E and N with Q on
the hydrogen bonding network in the cis conformers. This
analysis will demonstrate how a minor conformer in H+DPGG
becomes the dominant conformer in H+QPGG due to a slight
difference in the hydrogen bonding network exacerbated by
the mutation to H+QPGG. These results detail a case study
with a number of lessons applicable to the fields of protein
engineering and ligand design, illustrating often overlooked
facets of hydrogen bonding networks in peptides.

2. METHODS

2.1. Computational Details. Conformers for each peptide
were generated in the same manner as in our previous work on
H+GPGG.37 Starting structures for each peptide were built in a
β-strand configuration with PCMODEL.53 Conformers were
generated by stochastically rotating the rotatable bonds,
quenching with the MMFF94 force field,54 and discarding
structures outside of a 7 kcal/mol energy window. Generated
conformers were optimized with the PM6 semiempirical
method55 as implemented in Gaussian 16,56 and degenerate
structures were discarded. Conformers were further optimized,
and frequencies obtained, with the CAM-B3LYP-D3BJ/6-311+
+G(d,p) level of theory,57−64 which was found to produce
intensities closest to both experiment and CCSD(T)/CBS
calculations in our previous work.37 All structures were verified
to be minima by frequency calculations, and thermochemical
properties were obtained within the rigid rotor/harmonic
oscillator approximation.56

Collision cross sections were obtained via the trajectory
method as implemented in MOBCAL65 and were averaged
over 100 runs for each conformer. Intensities were derived via
a simple Boltzmann analysis and normalized with respect to
the lowest-energy conformer. In the majority of cases, both
“chair” and “boat” configurations of the proline residue were
obtained (following the nomenclature from our previous study
on H+GPGG)37 and the lower energy conformer was
considered to obtain the theoretical intensities. The lower
energy “chair” form is shown for cis-1r, cis-1, and trans species
in the figures to provide accurate comparison of bond lengths.
The cis-2r structures unilaterally prefer “boat” over “chair”, so
the boat form is shown for this conformer in the figures. The
differences in hydrogen bond lengths and intensities are
relatively minor between “chair” and “boat” conformers, but to
reproduce our results exactly, this additional structural feature
must be taken into account.
Hydrogen bonds were verified and quantified using the

Quantum Theory of Atoms in Molecules (QTAIM) as
implemented in the Multiwfn computational chemistry pack-
age66 with the CAM-B3LYP-D3BJ/6-311++G(d,p) densities.
The Poincare−́Hopf theorem was found to hold in every case;
this fulfills a necessary condition for all critical points to be
found, ensuring no interaction is missed. Hydrogen bonds
were verified to exist by three criteria: viz., the bond path, the
density at the bond critical point (bcp), and the Laplacian at
the bcp. Only bond paths linking a hydrogen to either a
nitrogen or oxygen were recognized as hydrogen bonds, and
other interactions were treated as weak interactions beyond the
scope of this study. Only bond paths with bcp charge densities
within the window of 0.002−0.034 au and bcp Laplacians
within the window of 0.024−0.139 au were considered
hydrogen bonds, in accordance with parameters defined by
Koch and Popelier.50 To assess the relative strengths of
hydrogen bonds, the potential energy density, V(r), at the bcp
was used. While results on experimental electron densities have
led to a relationship between hydrogen bond energies and the
value of V(r),49 we report the raw V(r) value at the bcp and
speak in ratios of potential energy densities to assess relative
hydrogen bond strengths. We do this to make our results as
universal and transferable to other systems as possible. All
potential energy densities, charge densities, and Laplacians for
all hydrogen bonds in each conformer for each peptide can be
found in the Supporting Information.
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2.2. Experimental Details. DPGG, NPGG, EPGG, and
QPGG were synthesized through standard Fmoc solid-phase
peptide synthesis using Fmoc-protected amino acids and
Fmoc-Gly-Wang resin (Midwest Biotech, Fishers, IN).
Deprotection was performed with 20% piperidine in
dimethylformamide and 1,3-diisopropylcarbodiimide/6-
chloro-1-hydroxybenzotriazole were used as the coupling
reagents. Peptides were cleaved from the resin using an
18:1:1 ratio of trifluoracetic acid:triisopropylsilane:methanol.
Peptides were precipitated into, and washed using, ice-cold
ether and then dried and used without further purification.
Purity was estimated to be >90% by MS analysis.
Electrospray solutions were prepared to ∼10 μM in 50/50

water/methanol. IMS theory65,67−69 and instrumentation70 are
provided in detail elsewhere. Briefly, ions were produced by
electrospray ionization (Triversa Nanomate autosampler,
Advion, Ithica, NY) and then transferred and stored in an
ion funnel trap at the entrance to the IMS-MS instrument.70,71

The gate is periodically opened for ∼75 μs to release ion
packets into the 3-m drift tube filled with 3.00 ± 0.03 Torr He
buffer gas, held at ∼10 V cm−1. The shapes of ions are first
determined by measuring the time required to traverse the drift
tube (td). Using Equation 1, the drift time can be related to the
collision cross section Ω,29,65,72,73

ze
k T m m

t E
L P T N

(18 )
16 ( )

1 1 760 273 11/2
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1/2
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ze is the charge on the ion, E is the electric field, L is the length
of the drift tube, P and T are the gas pressure and temperature,
and N is the neutral number density of the buffer gas (at STP).
mI andmB are the masses of the ion and buffer gas, respectively.
Structures with large collision cross sections (CCS) interact
with the buffer gas more than compact species, resulting in a

difference in drift time (tD) through the IMS cell as compared
to ions with compact CCSs. Mobility-separated ions elute from
the drift tube and are pulsed orthogonally into a time-of-flight
mass spectrometer for analysis of their mass-to-charge (m/z)
ratios. While other studies have focused on gently handling
ions upon storage, this study sought to characterize the optimal
hydrogen bonding pattern in the absence of solvent. Therefore,
we have optimized the ion storage conditions to reflect the gas-
phase quasi-equilibrium distributions.74 Theoretical IMS peak
shapes were calculated using the transport eq (eq 2) assuming
no loss of ions through chemical reaction ( 0)α = , with further
details available in the cited text.67
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3. RESULTS AND DISCUSSION
3.1. Ion Mobility Spectra and Collision Cross

Sections. Figure 1 shows the experimental IMS distributions
for H+DPGG, H+EPGG, H+NPGG, and H+QPGG. A major
peak dominates each CCS distribution alongside minor
features (vide infra). In all cases, the theoretical peak shape
is a close match to experimentthe slight deviation between
the experimental and theoretical peak widths may be due to
differences in ion starting positions in the ion storage region or
closely related conformations with similar gas-phase collision
cross sections. To examine the latter possibility in more detail,
we performed quantum chemical calculations informed by our
previous benchmark study on the ion mobility spectrum of
H+GPGG (see Methods for details). In our previous study, the
spectrum was dominated by two cis conformers (labeled cis-1

Figure 1. Collision cross section distributions for singly protonated DPGG, EPGG, NPGG, and QPGG. Red lines show the calculated peak width
expected for a single conformation.
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and cis-2) and a single trans conformer, with cis and trans
referring to the configuration about the Xaa−Pro peptide bond
(Xaa being Gly in the case of GPGG and cis vs trans
convention as illustrated in Figure 2).
Our previous work emphasized the importance of Gibbs free

energies in the calculation of the intensity difference between
cis and trans conformers. However, here we find all conformers
constituting the experimental spectra are in the cis config-
uration about the Xaa−Pro peptide bond, considerably
decreasing the differential effect of the entropic contributions
to the free energies (Table 1).37 We report the intensities

derived from both zero-point corrected electronic energies and
Gibbs free energies, with relative energies, enthalpies, and
Gibbs free energies reported in the Supporting Information.
Table 1 details the experimental collision cross sections for

each peak seen in Figure 1 as well as the theoretically obtained
collision cross section for each assigned conformer. It is readily
apparent that theory agrees well with experiment, with the
largest deviations occurring in minor, broad features and all
within 3% of the experimental CCS. The dominant peaks of
H+DPGG and H+NPGG are also extraordinarily similar
(within 0.3 Å2 experimentally, 0.1 Å2 according to theory)

Figure 2. Schematics of the studied H+XPGG peptides, detailing the differences in the Xaa R groups. The major trans conformer and both major cis
conformers, excepting those with direct involvement of the Xaa R group, are shown with a green line illustrating the cis or trans orientation about
the Xaa−Pro peptide bond.

Table 1. Experimental and Theoretical IMS Collision Cross Sections and Intensities of H+XPGG (%)a

peak conformer exptl CCS theory CCS exptl % ΔE0 % ΔG %

DPGG - cis-2r - 106.8 - 1.8% 2.5%
DPGG 1 cis-1r 108.7 109.0 100% 100% 100%
DPGG 2 cis-1 113.1 112.9 1.3% 1.5% 12.1%

NPGG 1 cis-2r 104.9 107.4 4.9% 5.6% 5.8%
NPGG 2 cis-1r 109.0 108.9 100% 100% 100%
NPGG 3 cis-1 114.6 113.5 1.0% 0.1% 1.8%

EPGG 1 cis-2r 112.6 110.5
100%

100% 23.4%
EPGG 1 cis-1r 112.6 111.1 73.3% 100%
EPGG 2 cis-1 117.0 117.4 2.5% 5.8% 20.2%

QPGG 1 cis-2r 113.1 111.2
100%

100% 100%
QPGG 1 cis-1r 113.1 113.0 17.0% 40.3%
QPGG 2 cis-1 118.5 118.3 1.5% 0.1% 3.9%

aΔE0 refers to intensities derived from zero-point corrected energies, relative to the lowest energy conformer, ΔG refers to relative intensities
derived from the Gibbs free energy. CCS in Å2.
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indicating similar low-lying conformers between the two
peptides. The dominant conformers of H+EPGG and
H+QPGG present larger cross sections than their counterparts
(H+DPGG and H+NPGG, respectively), which is expected due
to the extra methylene bridge. Here we refer to conformers
wherein the Xaa R group (as shown in Figure 2) interacts with
the C-terminal residue as either cis-1r or cis-2r, depending on
the orientation of the backbone (these structures can be seen
in more detail in Figures 6 and 7, vide infra). In Table 1, cis-1
refers to the conformer with a cis-1 backbone wherein the Xaa
R group interacts only with the N-terminus, forming a
hydrogen bond with the ammonium group (structure for
each peptide available in the Supporting Information,
H+QPGG structure in Figure 8). It should be noted that
while cis-2 conformers were obtained computationally, they are
higher in energy than the cis-1 conformers and do not
contribute to the experimental spectrum, unlike cis-2r. This is
expected, as the cis-2 conformer in GPGG is higher in energy
than both the trans and cis-1 species.37

What is unexpected, however, is that cis-2r makes up the
major peak of H+QPGG and H+EPGG (when considering
electronic energies in the case of H+EPGG), rather than cis-1r
as in the case of H+DPGG and H+NPGG. Both species, cis-2r
and cis-1r, are coincident in collision cross section and not
resolved in the experimental spectra of H+EPGG and
H+QPGG. This is interesting as the H+DPGG peak is either
unresolved or undetected in the experimental spectrum, and
the H+NPGG cis-2r conformer makes up a minor peak lower in
CCS than the major peak. The ordering of theoretical cross
sections allows us to assign visible peaks (as in H+NPGG);
however, the error in the collision cross sections (reported to
be 3%)75 is large enough for the H+DPGG, H+EPGG, and
H+QPGG peaks to fall within experimental resolution. The
H+NPGG cis-2r peak falls within error of the main peak as
well; however, the presence of an additional experimental peak,
for which the cis-2r theoretical cross section is also within
resolution of, warrants assignment to this minor peak.
Additionally, the intensities of the minor H+NPGG peak and
the cis-2r conformer are close enough to assign cis-2r to the
minor peak. As the cis-2r conformer increases in cross section
from H+DPGG to H+NPGG and H+EPGG to H+QPGG, this
makes us confident in noting that the H+DPGG peak is likely
simply too minute to be detected in the spectrum and, in
H+EPGG and H+QPGG, cis-2r becomes coincident with cis-1r.
3.2. Validation of QTAIM Approach. Only hydrogen

bonds vetted by QTAIM analysis (as described in Methods)
are described for each conformer. We will primarily consider
the potential energy densities at bond critical points and H···A
distances (where A refers to a hydrogen bond acceptor) to
determine hydrogen bond strength. We do this, rather than
reporting D···A distances (where D refers to a hydrogen bond
donor), mainly because while hydrogen bond distances are a
major factor in determining their strength, the angle between
the donor, hydrogen, and acceptor is also a major component
in assessing hydrogen bond strengths, and this information is
encoded in the H···D distances more so than in the D···A
distances, allowing us to discuss a large amount of interactions
more readily.76 While D···A distances are the preference when
considering crystal structures due to the decreased variance in
length,16 this restriction does not apply to computations which
are all performed in the same manner, allowing us more fidelity
in assessing relative interaction strengths.

Before we analyze the abundance of each conformer, we
need a measure of the relative strengths of hydrogen bonds.
Figure 3 shows the correlation between hydrogen bond lengths

and potential energy densities at the bond critical point by
plotting these values with an exponential fit. The coefficient of
determination (R2) of the exponential fit is 0.94, indicating an
impressive correlation between bond lengths and the evaluated
potential energy densities. Throughout this paper, we will
discuss ratios of the potential energy density to indicate
improvement or degradation of hydrogen bonding strength
between conformers. This is inspired by previous work relating
the bond critical point potential energy density to hydrogen
bond strengths in a linear fashion.49 While the fit between
hydrogen bond lengths, considered to be an indirect indicator
of hydrogen bond strength, and the potential energy densities
is exponential, it is clear that a linear correlation exists when
omitting the weakest hydrogen bonds. The exponential
behavior exhibited in Figure 3 is a product of including a
large range of hydrogen bond lengths (>1 Å).

3.3. The Absence of trans Conformers. Before exploring
the intricacies of the various cis conformers, it would be
prudent to begin discussion by addressing the most striking
difference from the previous work on H+GPGG: the absence of
trans conformers in the experimental spectra for H+XPGG.
Table 2 details the zero-point corrected electronic energy and
Gibbs free energy differences between the lowest energy trans
conformer and lowest energy cis conformer of protonated
forms of H+GPGG, H+DPGG, H+NPGG, H+EPGG, and
H+QPGG. Aside from H+GPGG, the Gibbs free-energy-
derived relative intensities are less than 0.3% for all
H+XPGG species presented here. There is a large shift in the
trans/cis relative energies (by 3 kcal/mol or more favoring cis)
on going from H+GPGG to H+XPGG. Our analysis (vide
infra) suggests that trans is disfavored because of its restricting

Figure 3. Hydrogen bond length vs potential energy density at the
bcp for every hydrogen bond in every conformer and peptide
evaluated in this study. R2 coefficient displayed for exponential fit.
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backbone limiting hydrogen bonding in H+XPGG compared to
the cis species.
Figure 4 presents the trans conformers of H+XPGG in

comparison to the trans conformer of H+GPGG, with blue,
dashed interactions representing interactions changing by 0.05
Å or more from peptide to peptide (e.g., blue interactions in
H+NPGG (Figure 4C) are changed by 0.05 Å or more relative
to H+DPGG). At first glance, the lowest energy trans
conformers presented in Figure 4 seem to be functionally
identical. However, the structural orientation in the trans
isomer does not allow favorable interactions of the −R group
with the C-terminus without significant strain. In particular,
introducing the carbonyl-containing N-terminal peptide
induces a twist of the N-terminus when compared to GPGG.
Comparing GPGG to DPGG (Figure 4A,B), the dihedral angle
between the C-terminal carbonyl carbon, α carbon, nitrogen,
and hydrogen changes by almost 17°, and this twist increases

to nearly 24° when comparing to EPGG. Whereas the GPGG
trans species features two N-terminal hydrogen bonds, one
with the C-terminus and another with the N-terminal carbonyl,
the other XPGG species severely weaken the second
interaction.
Aside from the loss of this interaction and the gain of a weak

CH···O interaction, the progression from D to N to E to Q has
one consistent trend of magnitude: the gradual strengthening
of the N-terminal hydrogen bond with the Xaa R group
carbonyl. In H+DPGG (Figure 4B), this new hydrogen bond
has a length of 2.02 Å, which decreases to 1.88 Å upon
substitution of D with N (Figure 4C), indicating a significant
strengthening of this interaction. This strengthening is
expected, as the carbonyl group of a carboxamide is more
polar and a better hydrogen acceptor than the carbonyl group
of a carboxylic acid. Similarly, when comparing H+EPGG to
H+QPGG (Figure 4D to Figure 4E), the N-terminal hydrogen
bond decreases by 0.12 Å, indicating strengthening as the
carboxylic acid group is replaced with a carboxamide group.
Both H+EPGG and H+QPGG contain a stronger N-terminal
interaction with the Xaa R group than their counterparts, a
strengthening associated with the extra flexibility afforded by
the additional methylene bridge. This behavior establishes a
clear pattern: interactions with the Xaa R group are
strengthened upon substitution of a carboxylic acid group
with a carboxamide group (D to N or E to Q) and upon
addition of a methylene bridge (D to E or N to Q). However,
similar trends are also present for the cis conformers (vide
infra); hence, the relative effects between trans and cis have to
be analyzed.

Table 2. Theoretical Collision Cross Sections and Relative
Thermochemical Quantities of H+XPGG trans Conformers
(kcal/mol)a

peptide theory CCS ΔE0 ΔG ΔG %

GPGG 94.9 −0.517 0.834 24.47%
DPGG 108.7 3.141 3.474 0.28%
NPGG 109.8 4.339 4.410 0.06%
EPGG 113.2 2.885 3.749 0.18%
QPGG 114.2 4.611 4.337 0.07%

aΔE0 refers to the zero-point corrected energies, relative to the lowest
energy protonated cis conformer while ΔG to Gibbs free energies.
CCS in Å2.

Figure 4. H+XPGG trans conformers absent from experimental spectra with hydrogen bond distances (Angstroms). A−E show the dominant trans
conformers of H+GPGG, H+DPGG, H+NPGG, H+EPGG, and H+QPGG, respectively. Potential interaction distances are given where relevant
(vide supra) with blue, dashed interactions representing distance changes of 0.05 Å or more from the previous peptide (e.g., from A to B, B to C,
etc.) while red, dashed interactions mark distance changes of 0.05 Å or more only when comparing a ZPGG conformer to the associated BPGG
conformer (i.e., EPGG to DPGG or QPGG to NPGG).
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Figure 5 plots the sum of the bcp potential energy densities
of each hydrogen bond in trans minus the total potential

energy density of every hydrogen bond in the conformer
referred to as cis-1r (vide infra), a quantity we will refer to as
ΔV(r). ΔV(r) is plotted with the zero-point corrected
electronic energy difference between trans and cis-1r (ΔE0).
Here we use cis-1r as an example, but a similar trend exists for
cis-2r when compared to trans. ΔV(r) correlates extremely well
with ΔE0 (R

2 = 0.95), and it is clear that trans is favored in

terms of pure hydrogen bonding strength. However, the strong
correlation between ΔE0 and ΔV(r) indicates that as the cis-
1r/trans hydrogen bonding strength gap closes, trans becomes
increasingly disfavored. This trend can also be seen in the
enthalpy and Gibbs free energy differences, though the
correlation degrades slightly as ΔV(r) is purely an electronic
quantity and thermochemical properties will correspond with it
only as well as the underlying electronic component.
The trend present in Figure 5 is evident when considering

H+GPGG, H+DPGG, and H+NPGG. ΔV(r) shifts from
−0.0827 au in H+GPGG to −0.0535 au in H+DPGG, a
decrease of 35%. It is the addition of new hydrogen bonds in
trans and cis-1r that causes H+GPGG and H+DPGG to differ so
much in terms of the relative population of conformers. The
cis-1r specimen is able to form bifurcated hydrogen bonds
(vide infra) which sum to be stronger than the isolated
hydrogen bond the trans specimen is able to form between the
protonated N-terminus and the new Xaa side chain carbonyl
group. This is further validated when comparing H+DPGG and
H+NPGG: cis-1r is able to see a greater change in the strength
of its hydrogen bonding network than trans, further widening
the energy gap, though not to as large a degree as forming the
hydrogen bonds in the first place. H+EPGG and H+QPGG
follow the same overall trend as H+DPGG and H+NPGG, with
a decrease in ΔV(r) corresponding to an increase in ΔE0. Next,
we analyze the more complicated case of the two dominant cis
conformers to explore how their hydrogen bond networks
evolve upon mutation and what advantages and disadvantages
hydrogen bond coupling can confer.

3.4. HXH Coupling Varies Depending on Mutation.
The lowest Gibbs free energy conformer of H+DPGG,
H+NPGG, and H+EPGG is referred to as cis-1r. Here, cis
refers to a cis orientation about the Pro−Xaa peptide bond, the
-1 refers to the same skeletal structure as the lowest-lying cis
conformer of H+GPGG, and the “r” denotes an interaction
between the R group of the Xaa residue and the C-terminus.
The carbonyl of the Xaa R group in cis-1r accepts two
hydrogen bonds (Figure 6B−E): one from the protonated N-

Figure 5. Zero-point corrected electronic energy differences of trans
− cis-1r vs differences in total hydrogen bond potential energy
densities, evaluated at the bcp. Each point labeled with the “X” residue
of H+XPGG. R2 displayed for linear fit.

Figure 6. H+XPGG cis-1r conformers found in experimental spectra and relevant distances (Å). A−E show the cis-1 conformer H+GPGG and the
cis-1r conformers of H+DPGG, H+NPGG, H+EPGG, and H+QPGG, respectively. Potential interaction distances are given where QTAIM analysis
determined a hydrogen bond to exist (vide supra) with blue, dashed interactions representing distance changes of 0.05 Å or more from the previous
peptide (e.g from A to B, B to C, etc.), while red, dashed interactions mark distance changes of 0.05 Å or more only when comparing a ZPGG
conformer to the associated BPGG conformer (i.e., EPGG to DPGG or QPGG to NPGG).
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terminus and one from the hydroxyl group of the C-terminus.
Figure 6 presents cis-1r of H+XPGG in comparison to the cis-1
conformer of H+GPGG.
Considering the H+GPGG cis-1 conformer as a control, the

H+DPGG cis-1r conformer contains two new hydrogen bonds
compared to H+GPGG and lengthens the three remaining
hydrogen bonds. The N-terminal hydrogen bond with the Xaa
carbonyl group is now absent, the angle and distance becoming
unfavorable as the new bifurcated hydrogen bonds with the
Xaa carbonyl are formed. Bifurcated hydrogen bonds of the
nature seen in cis-1r can be referred to as HXH bonds, one
acceptor split by two donors.77 These types of bifurcated
hydrogen bonds, in flexible, biorelevant systems, have been
shown to have negative cooperativity (i.e., the addition of one
hydrogen bond weakens the other); however, the sum of the
interaction energies typically eclipses that of a single hydrogen
bond alone.78,79 Recently, the coupling of hydrogen bond
lengths in HXH systems has been explored experimentally and
computationally in the active sites of ketosteroid isomerase and
photoactive yellow protein, establishing the importance of
these couplings in biological systems.16 Taking this a step
further, our computational investigation of tetrapeptide
secondary structure explores whether an empirical rule can
be derived that determines the relationship between the HXH
interaction distances as the acceptor (i.e., the Xaa residue) is
varied.
Substituting aspartic acid with asparagine has the effect of

making the Xaa R group carbonyl a better hydrogen bond
acceptor. The strengthening of both Xaa R group carbonyl
hydrogen bonds is the most significant change when
comparing all lowest-lying conformers of D H+PGG and
H+NPGG (Figures 3, 6, and 7). Taking the cis-1r conformer as
an example, only three of the distances labeled in Figure 6
differ by 0.05 Å or more between H+DPGG and H+NPGG: the
two hydrogen bonds with the Xaa R group carbonyl and the
hydrogen bond between the N-terminus and C-terminal
carbonyl. The HXH Asp carbonyl hydrogen bonds are both
over 0.1 Å longer than the Asn interactions, indicating a
strengthening of both interactions in Asn due to the more
electronegative carbonyl. This effect is also observed when
substituting Glu with Gln: both hydrogen bonds with the Xaa
R group carbonyl shorten by over 0.05 Å.
Interestingly, there is a coupling between these Xaa R group

carbonyl hydrogen bonds and the hydrogen bond between the
same N-terminal hydrogen and the C-terminal carbonyl. This
hydrogen bond increases in length by 0.05 Å, indicating a
weakening of this interaction as the R group carbonyl
interaction is favored. This negative coupling is mimicked
when substituting Glu with Gln, indicating that the changes in
the hydrogen bond network around the Xaa R group carbonyl
are unaffected by the extra methylene bridge in Glu and Gln.
Similar strengthening of the R group carbonyl interactions
upon substitution of Asp with Asn can be seen in cis-1 and cis-
2r (vide infra). However, in cis-2r, the CH···O hydrogen bond
with the Xaa side chain also shortens by more than 0.05 Å.
Substituting Asp with Glu leads to a further increase in the

Xaa R group carbonyl hydrogen bond strengths due to the
extra flexibility afforded by the additional methylene bridge.
The cis-1r N-terminal ammonium hydrogen bond with the Glu
R group carbonyl is 1.80 Å compared with 2.16 Å in H+DPGG
(Figure 6). This effect is primarily due to an improvement of
the hydrogen bond angle (<NH···O) which increases from
119.7° in H+DPGG to 153.3° in H+EPGG. Unlike the

transition from H+DPGG to H+NPGG, substituting Asp with
Glu causes the other Xaa R group carbonyl hydrogen bond
(with the C-terminal hydroxyl) to decrease in strength, the
interaction increasing in length from 1.96 to 2.38 Å. The
lengthening of the C-terminal hydroxyl hydrogen bond in
H+EPGG compared with H+DPGG is due to the R group
carbonyl rotating away from the hydroxyl to optimize the
charge-assisted hydrogen bond with the ammonium group.
This effect is also seen in comparing H+NPGG to H+QPGG,
here the carbonyl hydrogen bond with the N-terminus
shortens from 2.05 to 1.72 Å and the hydrogen bond with
the C-terminal hydroxyl group lengthens from 1.82 to 1.97 Å.
This reciprocal coupling raises an important point: the

enhancement of the HXH hydrogen bonds when substituting
Asp with Asn or Glu with Gln resulted from the increase of a
hydrogen bond acceptor’s capacity to accept whereas the
enhancement on substitution of Asp with Glu or Asn with Gln
resulted from increased flexibility. In fact, the Asp to Asn and
Glu to Gln enhancements can be referred to as radial, whereas
the Asp to Glu and Asn to Gln enhancements can be thought
of as angular. Radial enhancement leads to the shortening of
both HXH hydrogen bonds, whereas angular enhancement
causes the strongest (in this case, the charge-assisted hydrogen
bond with the N-terminus) of the two hydrogen bonds to be
favored. Thus, while broad statements can be made about the
coupling in specific hydrogen bond networks, here we show
that in an HXH hydrogen bond changing the acceptor residue
can result in positive or negative coupling depending on the
way the Xaa acceptor is enhanced.
QTAIM results bolster the evidence found from bond length

analysis. Figure 8 presents the cis-1r, cis-2r, cis-1, and trans
conformers of H+QPGG with each hydrogen bond labeled in
groups. Hydrogen bonds 1 and 5 are the two making up the
bifurcated system including the Xaa carbonyl group as a donor,
with 1 being the interaction with the N-terminus and 5 being
the interaction with the C-terminal hydroxyl. Table 3 contains
the potential energy densities evaluated at the bond critical
point of each bond in both cis-1r and cis-2r. The substitution of
D with N leads to a strengthening of both interactions in both
conformers, as expected from length analysis: interaction 1
becomes more favorable by 31% in cis-1r and 39% in cis-2r,
while interaction 5 becomes more favorable by 55% in cis-1r
and 76% in cis-2r. The increase in stability of 1 when
substituting E with Q is extremely similar to the increase seen
when substituting D with N: 32% in cis-1r and 35% in cis-2r.
This QTAIM analysis confirms the preceding length analysis:
in both cis-1r and cis-2r, substituting a carboxylic acid group
with a carboxamide group leads to positive coupling.
Where cis-1r and cis-2r diverge is in the behavior of

substituting Asp with Glu and Asn with Gln. In cis-1r, 5

Table 3. Potential Energy Densities of Hydrogen Bonds 1
and 5 (au)a

cis-1r cis-2r

X 1 5 1 5

D −0.0127 −0.0174 −0.0241 −0.0107
N −0.0166 −0.0270 −0.0335 −0.0188
E −0.0307 −0.0088 −0.0332 −0.0139
Q −0.0405 −0.0184 −0.0447 −0.0214

aV(r) evaluated at bond critical points, and hydrogen bonds grouped
and labeled according to Figure 8.
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decreases in magnitude by 49% while seeing an increase in
stability (30%) in cis-2r. Similarly, when considering the Asn to
Gln substitution, cis-2r sees two increases in magnitude while 1
increases and 5 decreases in cis-1r. The QTAIM analysis of cis-
2r agrees with changes in the bond lengths (shown in Figure
7); however, now we have the question: why does adding an
extra methylene bridge have differing effects in cis-1r and cis-
2r? Additionally, does the disparity between these hydrogen
bond network effects explain why cis-2r becomes more stable
than cis-1r in the case of H+QPGG?
3.5. Slight Differences in Hydrogen Bond Networks

Propagate: How cis-2r Becomes Preferred. cis-2r differs
from cis-1r by a rotation of the bond between the alpha and
carbonyl carbons of proline, thus switching the carbonyl
involved in hydrogen bonding with the N-terminus from Pro-2
to Gly-3. This change in the hydrogen bonding network is
slight, but interacting with the nearer carbonyl allows a
rotation of the N-terminus compared to cis-1r. Table 4
presents the potential energy densities of hydrogen bond 2; 2
being the interaction between the N-terminus and the Pro-2
carbonyl (in cis-1r) or the Gly-3 carbonyl (in cis-2r). In both
cis-1r and cis-2r, the potential energy of 2 decreases in
magnitude as substitution occurs from D to N, D to E, N to Q,
and E to Q.
Table 4 also presents the dihedral angle following the

carbonyl carbon of Xaa to the hydrogen involved in interaction
2 as a measure of the twisting of the N-terminus. In cis-2r,
there is only a slight change in the dihedral, with the largest
difference being less than 4 degrees. In the case of cis-1r,
however, substitution of D with E leads to a significant twisting
of the N-terminus represented by a dihedral angle change of 16
degrees. This change in the dihedral angle corresponds to a
large drop in the magnitude of the potential energy density,
50%, while in cis-2r the slight change in dihedral angle only
corresponds to a drop of 17%. In cis-1r, the trend is consistent:
on substitution from D to N to E to Q, the dihedral angle
drops continuously as does the strength of the hydrogen bond.

Interestingly, the dihedral angles of cis-1r and cis-2r seem to
approach each other upon substitution, with the final
difference being less than 3 degrees.
All trends in Table 4 point to a continuous decrease in the

strength of interaction 2 as the strength of interaction 1 is
increased (Table 3). In both cis-2r and cis-1r, the greatest

Figure 7. H+XPGG cis-2r conformers found in experimental spectra and relevant distances (Å). A−E show the cis-2 conformer H+GPGG and the
cis-2r conformers of H+DPGG, H+NPGG, H+EPGG, and H+QPGG, respectively. Potential interaction distances are given where relevant (vide
supra) with blue, dashed interactions representing distance changes of 0.05 Å or more from the previous peptide (e.g from A to B, B to C, etc.),
while red, dashed interactions mark distance changes of 0.05 Å or more only when comparing a ZPGG conformer to the associated BPGG
conformer (i.e., EPGG to DPGG or QPGG to NPGG).

Figure 8. H+QPGG cis-1r, cis-2r, cis-1, and trans conformers,
respectively, with hydrogen bonds labeled by group. Groups 1
through 3 contain ammonium group interactions: group 1 with the
carbonyl of the Xaa (in this case, Gln) R group, group 2 with either
the Pro2 carbonyl or the Gly3 carbonyl (in the case of cis-2r), and
group 3 with the C-terminal carbonyl. Group 4 contains
miscellaneous amine interactions not fitting into the previous groups,
group 5 contains hydrogen bonds with the C-terminus acting as a
donor, group 6 contains hydrogen bonds with the Xaa α carbon acting
as a donor, and group 7 contains miscellaneous hydrogen bonds with
CH carbon donors.
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change in dihedral angle happens upon substitution of N with
E, corresponding with the greatest change in 2. In the case of
cis-1r, which possesses a precipitous change in the N-terminal
twisting dihedral angle, substitution of N with E also
corresponds to the largest increase in the strength of 1.
Clearly, as 1 increases in strength, a twist is induced in the N-
terminus of cis-1r to optimize the interaction, which
corresponds to a decrease in the strength of 2. cis-2r, on the
other hand, already has a near optimal dihedral angle
characterizing this N-terminal twist due to the proximity of
the Gly-3 carbonyl to the N-terminus. This effect causes the
decrease in 2 (and the increase in 1) to be less marked in cis-2r
than in cis-1r, leading to higher magnitudes in interactions 1, 2,
and 5. This lack of N-terminal twisting in cis-2r also
corresponds to the positive coupling seen in the previous
section on substitution of D with E and N with Q, as the
twisting in cis-1r also corresponds to the decrease in the
interaction strength of 5. In the case of 2, the interaction is
only 70% stronger in cis-2r than in cis-1r in H+DPGG;
however, the hydrogen bond is 212% stronger in H+QPGG.
Considering the total hydrogen bond potential energy

densities, cis-2r is favored over cis-1r by 27% in H+DPGG;
this quantity is increased to 36% in H+QPGG, enough to cause
cis-2r to be favored energetically over cis-1r. The increase in 2
corresponds to 43% of this total increase, the largest single
increase in hydrogen bonding strength upon substitution of D
with Q. The more favorable positioning of hydrogen bond 2 in
cis-2r is the major factor in cis-2r becoming more preferable
than cis-1r in H+QPGG by positioning the N-terminus
optimally for the D to E and N to Q mutations. Twisting of
the N-terminus in cis-1r is associated with the weakening of
multiple hydrogen bonds, compromising the overall stability of
the conformer.

4. CONCLUSIONS
This study deals with the consequences of substituting the N-
terminus in H+XPGG with four different residues to form
H+DPGG, H+NPGG, H+EPGG, and H+QPGG. IMS measure-
ments enable the elucidation of multiple peaks for each species
and create a platform for the validation of accurate quantum
chemical calculations. Utilizing the techniques developed in
our previous work on the computational benchmarking of
H+GPGG, we are able to confidently track the changes in the
hydrogen bond networks of these peptides and how they relate
to the observed IMS distributions. Not only do we see the
intricate coupling of hydrogen bonds in these small peptides
but we are able to directly relate changes in the network to the
identity of the preferred conformer of each peptide.
The trans conformer, typically thought to be coincident with

cis conformers in Pro-containing species, was found to become
increasingly less favored as the Xaa residue was varied, despite

a stronger overall hydrogen bond network. Plotting the
QTAIM bcp potential energy densities along with the cis/
trans relative energies reveals the disfavoring of trans to
correlate strongly with decreases in the relative strength of the
hydrogen bond network. This correlation follows from the
more coupled hydrogen bond network of the cis species being
able to capitalize on the addition of a new hydrogen bond
acceptor more so than the backbone-restricted trans species
with the new R group oriented only toward the N-terminus.
HXH hydrogen bonds were shown to be both positively and
negatively coupled, depending on the way in which a new
residue enhances a specific hydrogen bond as well as intricacies
in the underlying structure of the hydrogen bonding network.
The structure of the cis-2r hydrogen bond network is shown to
allow the N-terminus to be properly rotated for optimal
hydrogen bonding upon substitution of D with Q, leading to
cis-2r becoming the preferred conformer on mutation. From
these results we can draw some general observations:

1. Seemingly minor differences in the hydrogen bonding
network can lead to large changes upon mutation.

2. The energy differences of even structurally dissimilar (cis
and trans) conformers can be related to the relative
strengths of their hydrogen bonding networks.

3. Coupling in bifurcated hydrogen bonds can be variable
depending on the way in which the hydrogen bonds are
enhanced.

4. QTAIM potential energy densities at the bond critical
point are exponentially related to hydrogen bond
lengths, marking these as a good indicator of relative
hydrogen bond strength.

Above all, these results highlight the importance of coupling
quantum chemical computations with experiment when
engineering proteins or drug molecules as the evolution of
hydrogen bonding networks in peptides will only grow more
complex as the peptide increases in size, belying any simple
empirical rule.
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