1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochemistry. Author manuscript; available in PMC 2021 February 26.

-, HHS Public Access
«

Published in final edited form as:
Biochemistry. 2019 June 18; 58(24): 2730-2739. doi:10.1021/acs.biochem.9b00096.

Non-Additive Effects of Binding Site Mutations in Calmodulin

Sean C. Edington™8, D. Brent Halling*, Suzanna M. Bennett¥!, Thomas R. Middendorf*,
Richard W. Aldrich*, Carlos R. Baiz"'

TDepartment of Chemistry, The University of Texas at Austin, Austin, Texas 78712, United States

*Department of Neuroscience, The University of Texas at Austin, Austin, Texas 78712, United
States

Abstract

Despite decades of research on ion-sensing proteins, gaps persist in the understanding of ion
binding affinity and selectivity even in well-studied proteins such as calmodulin. Site-directed
mutagenesis is a powerful and popular tool for addressing outstanding questions about biological
ion binding and is employed to selectively deactivate binding sites and insert chromophores at
advantageous positions within ion binding structures. However, even apparently nonperturbative
mutations can distort the binding dynamics they are employed to measure. We use Fourier
transform infrared (FTIR) and ultrafast two-dimensional infrared (2D IR) spectroscopy of the
carboxylate asymmetric stretching mode in calmodulin as a mutation- and label-independent probe
of the conformational perturbations induced in calmodulin’'s binding sites by two classes of
mutation, tryptophan insertion and carboxylate side-chain deletion, commonly used to study ion
binding in proteins. Our results show that these mutations not only affect ion binding but also
induce changes in calmodulin’s conformational landscape along coordinates not probed by
vibrational spectroscopy, remaining invisible without additional perturbation of binding site
structure. Comparison of FTIR line shapes with 2D IR diagonal slices provides a clear example of
how nonlinear spectroscopy produces well-resolved line shapes, refining otherwise featureless
spectral envelopes into more informative vibrational spectra of proteins.
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Structural and functional descriptions of the important process of ion binding to proteins
remain incomplete.1~* This difficulty is partly due to the fact that clear observables marking
site-dependent occupancy and ion-dependent conformational changes are often unavailable
or difficult to interpret. Site-specific mutagenesis provides the tools needed to engineer
useful observables into ion binding proteins, thus facilitating the characterization of binding
processes.

However, mutations can perturb the conformation and/or dynamics of proteins, sometimes in
subtle ways. For example, mutating a site might not perturb global binding constants but
could have local and dynamic effects that are overlooked by measurements sensitive
primarily to equilibrium properties.® Our previous work showed that even substitution of
ions of similar cations for Ca2*, a structural perturbation arguably much less disruptive than
mutagenesis, alters the binding site conformation in full-length wild-type (WT) calmodulin®
and in simple chemical models of ion binding sites such as EDTA.” Thus, site-specific
mutagenesis may alter the very binding site structures that are being studied despite
appearing non-perturbative to functional assays.8:°

The calcium binding protein calmodulin (CaM) is ubiquitous in eukaryotes and is the major
transducer of eukaryotic Ca2* signals. CaM has two stable, globular lobes!0.11 that each
contain a pair of EF-hand Ca?* binding structures. The sequences of CaM’s four EF-hands
are distinct, yet each is highly conserved.1?

Here, we investigate two classes of mutations (Figure 1) in N-terminal domain calmodulin
(N-CaM). The first class of mutation (termed “NW1") replaces the threonine at position 26
with tryptophan, with the purpose of installing a spectroscopic probe without perturbing ion
binding.>13 Tryptophan insertions at canonical position 7 in EF-hand sites have been used to
detect ion binding in two ways. (i) Their fluorescence is sensitive to conformational changes
resulting from ion binding,® and (ii) they can sensitize the luminescence of locally bound
Th3*. 14 The second class of mutation (termed “DDAA”™) replaces ion-coordinating aspartate
residues with alanine at canonical position 1 of EF-hands | and Il (D20A and D56A mutated
at the same time) and is meant to knock out Ca2* binding15-22 at those sites. Although
mutations that disrupt Ca?* binding are often used as tools to mimic the “apo” state of CaM
(i.e., CaM in the Ca2*-free state), it has been shown that secondary effects from “knockout”
mutations can alter the environments of distant residues,? alter protein conformation
independent of Ca2* 8 and disrupt molecular association.23 We also investigated the
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construct “NW1-DDAA”, which combines both classes of mutations. We find that these two
classes of mutations are not independent, and we show that they influence binding site
properties in unintended ways that are difficult to detect by most experimental
measurements.

To better understand how mutations alter ion-dependent protein structure, we need
approaches that can distinguish site-resolved details of wild-type proteins from each class of
mutation. CaM’s ion binding sites are rich in amino acids containing carboxylate side chains
that directly coordinate Ca2* (Figure 1B,D), thus providing spectroscopic reporters sensitive
to ion binding. Indeed, attenuated total reflectance (ATR) Fourier transform infrared (FTIR)
spectroscopy of carboxylate vibrational modes has recently been used to monitor ion
binding in the MgtE magnesium channel.24 Similarly, we use FTIR and ultrafast two-
dimensional infrared (2D IR) spectroscopy of CaM’s carboxylate asymmetric stretching
modes as structurally specific, mutation-free, and label-independent probes of the protein’s
Ca?* binding sites. The carboxylate groups are sensitive to changes in their electrostatic
environment; their infrared absorptions report structural perturbations with picometer spatial
sensitivity and subpicosecond temporal precision.2>-27 For example, our recent
measurements of ion-dependent spectroscopic shifts® and vibrational lifetimes’ in EDTA
demonstrate that FTIR and 2D IR can detect structural changes induced by varying the metal
ion coordination radius by <10 pm. Infrared spectroscopy of the carboxylate asymmetric
stretch thus reports on conformational dynamics?829 that are beyond the resolution of
common biophysical techniques.3%-32 Our approach offers advantages over earlier studies of
proteins using 2D IR that are mostly focused on interpreting the spectrum of the native
amide | vibrational mode, which reports on global protein conformation and dynamics, or on
using vibrational labels to probe site-specific dynamics.33-50

Here, we characterize the ion-dependent binding conformations of N-CaM mutants by
measuring spectral signatures in the carboxylate asymmetric stretching region (1540-1600
cm~1). Our interpretation of carboxylate vibrational spectra is aided by the structure of
CaM’s binding sites.>! Each site includes a single glutamate residue, which—in WT CaM—
coordinates Ca2* in a bidentate configuration through both carboxylate oxygens, and
multiple aspartate residues that coordinate bound ions in monodentate configurations
through a single carboxylate oxygen. Unbound, monodentate, and bidentate carboxylate
groups each have unique spectral signatures that allow their identification and analysis
through infrared spectroscopy.®2-55

Unoccupied CaM binding sites show a single broad carboxylate asymmetric stretching
feature around 1575 cm™L. In Ca2*-bound CaM, this feature splits into two sharper
absorptions: one around 1553 cm=1, which corresponds to bidentate carboxylate groups, and
one around 1580 cm~2, which corresponds to monodentate carboxylate groups. The 1553 cm
-1 signature of bidentate carboxylate coordination is valuable as a spectroscopic marker of
native Ca2* coordination because the canonical 12th position glutamate is strongly
conserved in all CaM Ca?* binding sites and gives rise to a distinct spectral feature. This
feature appears as a shoulder in FTIR spectra (Figure 2) and becomes better-resolved in 2D
IR spectra (Figures 3 and 4). Our results thus show that 2D IR spectroscopy provides line
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shapes that are sharper and better-resolved than those from FTIR, allowing for unambiguous
interpretation of the spectra.

N-CaM Mutation.

The N-terminal lobe construct (N-CaM) of vertebrate CaM (rat mRNA for Calm2, GenBank
NM_017326) used in our studies terminates in D80 after the amino acid sequence KDTD.
Mutation of N-CaM in the pET21a vector (Millipore Sigma) was accomplished through
polymerase chain reaction of single-site mutation primers (Millipore Sigma) with the WT
plasmid. The mutant plasmid so prepared was amplified in TOP10 (ThermoFisher)
chemically competent cells. The primary sequence of the mutants was verified (GeneWiz)
prior to expression and purification.

N-CaM Expression and Purification.

Recombinant, tagless N-CaM in the pET21a vector (Millipore Sigma) was expressed in
BL21(DE3) cells (New England Biolabs). N-CaM was purified using established methods®®
but with addition of a final fractionation step using a preparative grade C18 column with an
acetonitrile gradient for protein elution.

The purified N-CaM solution was flash-frozen in LN, and lyophilized. The lyophilized
product was deuterated by incubation in pure D,O (Cambridge Isotope Laboratories, 99.9%
isotopic purity) at 50 °C for 2 h before being flash-frozen and lyophilized again. The
lyophilized, deuterated CaM was finally dissolved in a 50 mM solution of deuterated MOPS
in D,0 adjusted to an uncorrected pH of 6.3, which corresponds to a corrected pH reading
of 6.7.57:58 The pH was adjusted with DCI (Sigma-Aldrich, 99 atom % D) and NaOD
(Sigma-Aldrich, 99 atom % D). This pH was chosen because it was found to allow both N-
CaM and lanthanide salts to dissolve. Lower pH values cause N-CaM to aggregate and
precipitate, while higher values cause terbium hydroxides to precipitate.

The N-CaM/MOPS solution was combined in equal proportion with solutions of anhydrous
CacCls, (Sigma-Aldrich, >97%) or ThCl3 (Alfa Aesar, 99.9%) in 50 mM MOPS/D,0 to yield
final samples 1.1 mM in N-CaM, 2.2 mM in calcium or lanthanide ion to ensure saturation
in all binding sites, and 50 mM in MOPS, in D50 at an uncorrected pH reading of 6.3.

FTIR Spectroscopy.

FTIR spectra were measured with a Bruker Vertex 70 spectrometer with a DTGS detector at
2 cm~1 resolution and averaging 32 scans per spectrum. The 50 zL sample was held between
two CaF, windows separated by a 50 gm PTFE spacer. The sample area was purged with dry
(-100 °F dew point) air until no water vapor absorption lines were visible in the spectrum.

2D IR Spectroscopy.

2D IR spectra were measured with a custom-built 2D IR spectrometer as described in detail
in our previous work.8 In short, a 100 fs mid-infrared laser pulse probes the time-dependent
IR absorption spectrum of the sample following excitation by a pair of pump pulses. The
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excitation frequency is obtained by numerically computing the Fourier transform of the
signal along the delay between the pump pulses, and the detection frequency is obtained by
dispersing the probe pulse onto an infrared camera with a diffraction grating. Analogous to
2D NMR COSY, 2D IR thus spreads the IR frequency information across two axes and
allows for measurement of energy transfer and vibrational relaxation.34:38.59-62

FTIR Spectroscopy.

FTIR spectra (Figure 2) show mutation- and ion-dependent changes in the line shapes of
binding site carboxylate absorptions. To highlight these changes as a function of mutation,
the WT apo spectrum is shown at the bottom and the WT Ca2* spectrum shown at the top, as
references. The signature of native bidentate glutamate Ca2* binding, a shoulder around
1553 cm™1, is similar in strength in the WT Ca2* and NW1 Ca?* spectra. This feature
remains present in the DDAA Ca?* spectrum but is attenuated. The bidentate glutamate
signature is absent from the NW1-DDAA Ca?* spectrum. Comparison of the NW1-DDAA
Ca?* spectrum with the WT apo spectrum shows that the two are indistinguishable within
the noise level of the measurement.

2D IR Spectroscopy.

2D IR spectra (Figure 3) highlight mutation-dependent changes in carboxylate line shapes
and reflect the same features reported by the FTIR spectra (Figure 2). Contour lines trace the
two-dimensional spectral amplitude, with positive features denoted by red/yellow shading
and negative features denoted by blue shading. Elongation of spectra along the diagonal,
termed inhomogeneous broadening, yields elliptical line shapes. Such line shapes indicate
the presence of multiple molecular configurations that do not interconvert during the 500 fs
time scale of the measurement and thus preserve the correlation between excitation and
detection frequencies. Conversely, spectral elongation perpendicular to the diagonal, termed
homogeneous broadening, yields circular line shapes. These line shapes indicate
interconversion of molecular configurations during the 500 fs time scale of the
measurement, which scrambles excitation—detection correlation. In general, greater
inhomogeneous broadening is a hallmark of conformational disorder in proteins, indicating
the presence of multiple configurations that do not exchange during spectroscopic
measurement. The peak amplitude of 2D IR features carries similar information: the fourth-
order dependence of 2D IR amplitude upon the transition dipole, coupled with the overlap
between the ground-state-bleach and excited-state absorption features, makes peak
amplitude a good reporter of local heterogeneity. Heterogeneous environments produce
broader peaks carrying a lower overall intensity.53 A more detailed discussion of 2D IR data
collection and analysis is available in a previous publication.t

The apo spectra of WT and all mutants (top row) appear similar and are without clear
bidentate glutamate coordination signatures around 1553 cm™1. The Ca%* spectra (middle
row) show strong bidentate glutamate coordination signatures for both WT and NW1. The
DDAA spectrum shows weaker absorption in this region. The NW1-DDAA spectrum does
not show bidentate glutamate absorption and is comparable to the apo spectrum. The Th3*
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spectra (bottom row) for WT, NW1, and DDAA show the red-shifted carboxylate features
associated with lanthanide coordination near 1535 cm™1.6 This feature appears to be red-
shifted and to have a narrower inhomogeneous line width in the DDAA mutant than in WT
or the NW1 mutant. Signs of Th3* coordination are not clear in spectra of the NW1-DDAA
mutant.

Diagonal slices (Figure 4) extracted from the full 2D IR spectra highlight mutant-dependent
spectral changes and serve as a point of comparison between FTIR spectra (Figure 2) and
the corresponding 2D IR data. The 2D IR slices show mutant to mutant changes that
essentially mirror those reported by FTIR, but peaks are narrower and better resolved. The
NW1-DDAA Ca?* spectrum closely matches the WT apo spectrum: both show no bidentate
glutamate peaks. The growth of a small bidentate glutamate signal is visible in the DDAA
slice as a separate peak, as opposed to the weak shoulder visible in the FTIR spectra. The 2D
IR spectra thus reveal features that are more difficult to resolve using FTIR. Similar to the
FTIR spectra, the 2D IR slice spectra show strong bidentate glutamate features in the NW1
and WT spectra, but the NW1 monodentate carboxylate region shows a high-frequency
shoulder appearing alongside the principal band that is not observed in the FTIR spectrum.

Difference spectra (Figure 5) are extracted from the 2D IR data (Figure 3) by subtracting the
apo spectrum from the Ca2* and Th3* spectra of each mutant. The difference spectra thus
highlight specific spectral signatures of Ca2* and Th3* binding relative to the unbound
protein. Red/yellow features in the difference spectra signify an increase, and blue features a
decrease, in spectral amplitude going from the unbound structure to the bound structure. As
seen in the previous results, the Ca2* — apo difference spectra (top row) show a decrease in
growth of the bidentate glutamate peak as the protein structure is changed from WT to NW1
to DDAA to NW1-DDAA The difference spectra offer insights in addition to those provided
by the preceding data. (i) A decrease in the amplitude of the bidentate glutamate peak is
visible between WT and NW1, and (ii) there is a weak but measurable bidentate glutamate
feature in the NW1-DDAA spectrum. Examination of the Th3* — apo difference spectra
(bottom row) shows growth in the carboxylate lanthanide coordination peak for the WT and
NW?1 structures. The DDAA and NW1-DDAA results are more complex. The DDAA
spectrum shows growth of both the lanthanide coordination feature around 1535 cm~ and a
more intense, higher-frequency feature in the carboxylate region centered around 1580 cm
~1. The NW1-DDAA spectrum shows growth of a broad, diagonally elongated band
spanning the entire frequency range of 1540-1590 cm™1.,

DISCUSSION
Effects of Mutation on Ca2* Binding by N-CaM.

CaM has multiple metal binding sites. Determining equilibrium constants from binding data
presents real challenges, and interpretations of complete occupancy depend on whether a
curve reaches saturation.*64-67 Multiple groups have shown that WT CaM’s N lobe,
whether isolated or part of full-length CaM, reaches half-saturation at around 6 4/M
Ca2*5:11,.20.68.69 3nd at much lower Th3* concentrations.’%-72 In addition, the NW1 mutation
does not appreciably alter CaZ* binding.® Thus, both WT N-CaM and NW1 should be fully
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occupied at millimolar concentrations of protein with an exactly 2-fold molar excess of
either Ca?* or Th3*.

Mutation of binding site aspartate residues to alanine substantially weakens CaM’s ability to
bind CaZ*, with no detectable binding at hundreds of micromolar Ca2*.18 Other studies
using similar binding site mutations detected binding only at millimolar concentrations of
Ca?*, but dissociation constants for the disrupted sites were not reported.1>-17.20.73 There
are also species differences in protein sequences of the calmodulins in many of these studies
that include yeast,8 insect,20 and paramecia®® compared to the vertebrate CaM used in our
work. Thus, assessing the quantitative occupancy of the DDAA mutant CaM under our
experimental conditions is problematic, and any estimate we can make is at best
semiquantitative. What is clear is that the DDAA mutation significantly disrupts Ca2*
binding, but some occupancy of the sites at millimolar protein and metal ion concentrations
is possible. Although occupancy of the disrupted sites is hard to quantify, knowing the exact
occupancy is not necessary to interpret our 2D IR results. The 2D IR data contain broad
featural changes that are qualitatively informative with our approach and provide structural
insights not available from other methods. Examination of the 2D IR spectra (Figure 3),
diagonal slices (Figure 4), and difference spectra (Figure 5) reveals the nuanced structural
perturbations to the binding sites that accompany mutation.

Several observations set a foundation for comparing ion binding to the different protein
constructs. (i) From Figure 3, we see that 2D IR spectra vary with both ion and protein
mutation. Although there are some broad similarities, there are also important differences
that can be elucidated by different views of these data sets. These data can be analyzed more
closely by looking at diagonal slices (Figure 4) and difference spectra (Figure 5). (ii) From
Figure 4, we learn that although both WT and NW1 have similar overall spectral profiles,
they are not the same. The NW1 spectrum is broader and includes a shoulder around 1590
cm~1 that is indicative of multiple monodentate configurations, a sign of greater structural
heterogeneity in NW1. Greater differences are seen in constructs with the DDAA mutations.
The intensities of the bidentate features of DDAA and NW1-DDAA at 1553 cm™ are 34%
and <2%, respectively, of that of the WT (Table 1), indicating a reduction in bidentate ion
coordination. (iii) From the difference spectra in Figure 5, we learn that distinctions between
WT and NW1 are small compared with the greater distortions caused by the DDAA
mutations, especially in the presence of Th3*.

Modulation of the bidentate peak in FTIR and 2D IR spectra suggests that Ca2* binding in
the NW1 mutant is similar to that of WT in agreement with previous studies. However, our
infrared spectra indicate that the DDAA mutant has a limited effect on binding site structure,
despite the reported disruption to binding. Clear signatures of bidentate binding appear in
the DDAA spectrum (Table 1). Perhaps the observed effect of Ca2* on DDAA is
unsurprising given that the experiments were performed at millimolar protein and ion
concentrations where some binding of CaZ* to mutants with site disruptions might be
expected.1573

These results indicate that the NW1 and DDAA mutations have effects beyond their
designed purposes. The NW1 mutant, rather than leaving binding site structure undisturbed,
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reduces the population of bidentate glutamates and introduces an additional, non-native
monodentate carboxylate configuration. Similarly, the DDAA mutant attenuates signatures
of native binding. Therefore, the NW1 and DDAA mutants achieve effects similar to those
expected but at the cost of unintended side effects that are not detected by other
measurements. Furthermore, the attenuation of the bidentate peak and simultaneous
broadening of the monodentate band that accompanies mutation suggest a more
heterogeneous structural ensemble in N-CaM mutants, in contrast to the well-defined
configuration of the WT protein.

Our interpretations are limited to the isolated N lobe of CaM in solution. The C lobe of CaM
may influence the binding of Ca2* to the N lobe through cooperative interactions. Prior
studies suggest that single-lobe versus full-length CaM peptides may behave differently. For
example, in the presence of a CaM binding partner, binding of Ca2* to the N lobe of CaM is
sensitive to whether it is isolated or part of a full-length protein.”75> Additionally, the length
of the N lobe protein construct, even without a partner, can contribute to both protein
thermostability and Ca2* affinity.”® Our vertebrate N-CaM protein construct ending in
residues DTD matched the longer and more thermostable equivalent Paramecium construct
ending with residues EQD, which behaved essentially like full-length CaM in another study.
76 More sophisticated efforts are needed to determine whether the C lobe of CaM could
further alter the N lobe signatures in the 2D IR spectra because Ca%*-coordinating
carboxylates are also present in the C lobe.

Effects of Mutation on Tb3* Binding by N-CaM.

Our previous study of binding in full-length, WT CaM shows that binding of lanthanide ions
in place of Ca2* causes CaM’s binding sites to contract, undergoing a transition from the
well-ordered and rapidly exchanging manifold characteristic of native binding
configurations to an ensemble of disordered and more static lanthanide-bound
configurations.® 2D IR difference spectra of the N-CaM mutants in this study (Figure 5)
extend this description of perturbed binding site structure. The results indicate that Th3*
binding by the NW1 mutant is similar to that of the WT, but the decreased diagonal line
width in the NW1 Th3* — apo difference spectrum relative to WT suggests that the Th3*-
occupied mutant site is less disordered. Difference spectra of the Th3*-bound DDAA and
NW1-DDAA mutants show especially interesting features. In the DDAA spectrum, the
increased intensity around 1575 cm™1, in addition to the expected lanthanide coordination
signature around 1535 cm™2, indicates the presence of strong, mutation-dependent
monodentate or pseudobridging (one oxygen binds a metal, while the other oxygen forms a
hydrogen bond to water) carboxylate configurations unique to the Th3*-bound DDAA
mutant. The well-defined features present in WT, NW1, and DDAA spectra are absent in the
NW1-DDAA spectrum and are replaced by an inhomogeneously broadened feature spanning
the entire range of 1540-1590 cm™1, suggesting that the Tb3*-bound NW1-DDAA site
occupies a more heterogeneous conformational ensemble. Therefore, Th3* binds the DDAA
and NW1-DDAA sites in unique, structurally disordered configurations that differ from the
WT and NW1 Th3*-bound structures. The NW1-DDAA site shows especially strong
spectral markers of structural disorder.
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Comparison of Binding of Ca?* and Tb3* by N-CaM Mutants.

Similarity of WT and NW1 Sites.—Comparison of 2D IR difference spectra for WT and
NW1 N-CaM (Figure 5, leftmost four spectra) suggests that binding of Ca2* and Th3* is
similar across these structures. In all four spectra, ion binding induces the growth of a single
homogeneous feature in the bidentate region of the spectrum. Due to the broader spectral
line width arising from the greater conformational heterogeneity of the Th3*-occupied sites,
these features are weaker in the WT and NW1 Th3* — apo difference spectra than in the
corresponding Ca2* — apo difference spectra.

Distinctions between the DDAA and NW1-DDAA Sites.—The pattern described
above does not hold in the DDAA and NW1-DDAA mutants, where the Th3* — apo
difference spectra show more pronounced differences, namely, more intense peaks and
broader features, than their Ca2* — apo counterparts. These changes suggest that Th3* binds
the DDAA and NW1-DDAA mutants with greater disorder and a more contracted
coordination structure than it does the WT or NW1 proteins. Notably, the DDAA and NW1-
DDAA mutations introduce structural disorder beyond that characteristic of the Th3*-bound
WT site, which is already disordered relative to the Ca2*-bound WT site.® Finally,
comparison of the WT and NW1-DDAA difference spectra shows that the NW1-DDAA
Ca?* — apo carboxylate growth band is ~10 times weaker than its WT Ca%* — apo
counterpart, while the NW1-DDAA and WT Th3* — apo carboxylate growth bands are of
comparable strength. The DDAA and NW1-DDAA mutations thus create unique binding
modes, with contracted binding sites and increased structural heterogeneity, that are capable
of binding Th3* but not Ca*. The presence of these binding modes allows the DDAA and
NW1-DDAA mutants to bind Th3* even though their Ca2* affinities are reduced.18

Modulation of the Conformational Landscape by Mutagenesis.

Our results show that the NW1 mutation induces small, but measurable, modulations to the
N-CaM Ca?* binding structure and that the DDAA mutation attenuates CaZ* binding
signatures by ~50%. Assuming that there is little communication between the NW1 and
DDAA mutations, one would expect the NW1-DDAA Ca2* — apo difference spectrum to
resemble the DDAA Ca2* — apo difference spectrum because the NW1 mutation seems to
cause an only minor change to the binding site. However, difference spectra (Figure 5) of the
NW1-DDAA mutant bound to CaZ* and Tb3* are clearly distinct from all other spectra. The
NW1-DDAA Th3* — apo difference spectrum is marked by greater inhomogeneous
broadening than any other spectrum, and the NW1-DDAA Ca?* — apo difference spectrum is
characterized by carboxylate region growth features <30% as intense as the next-weakest
spectrum (DDAA). Signs of Ca2* binding in the NW1-DDAA mutant, which are clear in all
other cases, are only marginally above the noise floor in the 2D IR difference spectrum
(Figure 5) and are not visible in any of the other data.

This result indicates that the NW1 and DDAA mutations modify the free energy surface of
the binding site along coordinates that are not probed by our spectroscopic methods. These
changes alter the conformational landscape of the mutant but become apparent only when an
additional perturbation is made. For example, the NW1 mutation alone has only minor
effects on the binding site vibrational spectrum but causes clear spectral changes when
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introduced into the DDAA mutant. A plausible explanation is that the NW1 mutation alters
N-CaM’s free energy surface in a way that makes the protein’s binding site configuration
less robust against the DDAA mutation without inducing major structural changes to the
binding site. This effect is not clear in the NW1 spectrum but is immediately obvious in the
comparison between the DDAA and NW1-DDAA results.

Therefore, the results argue for the presence of mutagenesis-driven modulations to the
conformational landscape that are difficult to measure in the absence of further perturbation.
This result is significant because CaM does not act alone but in combination with a wide
variety of ion channels and other effector proteins, each of which interacts with and
influences CaM differently.”” Mutations or other perturbations to protein structure whose
effects are apparently negligible under a particular set of conditions may behave differently
as conditions are changed and different regions of CaM’s conformational topology become
relevant.

Comparison of FTIR Spectra with 2D IR Ground-State-Bleach Slices.

FTIR (Figure 2) and 2D IR slice (Figure 4) spectra both show that the signatures of native
Ca?* binding in N-CaM gradually disappear upon proceeding from WT toward NW1,
DDAA, and NW1-DDAA However, direct comparison of Figures 2 and 4 shows that the 2D
IR slice spectra offer discrete spectral features for analysis in place of the broad envelopes
provided by FTIR. These more structured spectra make it possible to better resolve and
quantify spectral differences, such as changes to the amplitude of the bidentate carboxylate
bands and the appearance of weak structure in the NW1 Ca2* carboxylate spectrum. This
distinction is typical of the spectral narrowing and background suppression offered by 2D IR
spectroscopy,3® where the signal amplitude varies with the transition dipole moment (1) as
/A, in contrast to the /2 dependence characteristic of linear spectroscopies such as FTIR.
This feature of 2D IR spectroscopy serves to enhance sharper features such as the
carboxylate peaks while suppressing broader features, such as the solvent background and
amide | modes.#! Therefore, 2D IR spectroscopy and other nonlinear optical spectroscopies
are particularly effective tools for probing complex molecular structures, such as proteins,
that give rise to broad and complex spectral line shapes.

CONCLUSION AND OUTLOOK

Binding of a series of N-CaM mutants to Ca?* and Th3* was studied with FTIR and ultrafast
2D IR spectroscopy. We found that mutations that are designed and commonly used to
introduce chromophores within, or to selectively disrupt, CaM’s binding sites exerted
additional, unintended effects on those sites.

Experimental findings include the following. (i) The native Ca2* binding structure is subtly
altered by the NW1 mutation, disrupted by the DDAA mutation, and severely disrupted by
the NW1-DDAA mutation. These structural effects are evident in the similarity of the 2D
line shapes in the Ca2*-bound WT and NW1 spectra, which appear to be different than the
corresponding DDAA and NW1-DDAA spectra. (ii) Th3*-bound sites in the NW1 mutant
and WT proteins are similar, while those in the DDAA and NW1-DDAA mutants are
structurally disordered. These conclusions are supported by the similar peak positions and
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diagonal line widths shown by the Th3*-bound WT and NW1 proteins, which are markedly
distinct from the inhomogeneously broadened line shapes of the Th3*-bound DDAA and
NW1-DDAA mutants. (iii) The presence of structurally disordered Th3* binding
configurations allows the DDAA and NW1-DDAA mutants to bind Th3* despite disruption
of native Ca2* binding. Strong, diagonally broadened markers of Th3* coordination are
present in the DDAA and NW1-DDAA spectra, while markers of Ca2* binding are greatly
attenuated in these mutants. (iv) The NW1 mutation introduces changes to N-CaM’s free
energy landscape along coordinates that cannot be probed by our methods and become
measurable only in the presence of additional structural perturbation, such as the DDAA
mutation. These changes are suggested by the differences between the spectra of the DDAA
and NW1-DDAA mutants, which are much clearer than those between the WT and NW1
pair even though each pair is separated by the same NW1 mutation. (v) Comparison of FTIR
line shapes with ground-state-bleach slices taken from the 2D IR spectra demonstrates the
advantages offered by 2D IR spectroscopy for the study of protein biophysics.

Taken together, the findings demonstrate that binding site mutations may introduce
unintended effects that are difficult to predict. Furthermore, these effects communicate by
changing N-CaM’s conformational landscape in ways that are challenging to measure with
conventional techniques. This result has implications for the study of CaM and other
signaling proteins because useful mutations that seem nonperturbative under one set of
conditions may exhibit divergent behavior under another. The effects of complex and
fluctuating molecular environments on the free energy landscape are especially important in
biological systems, where the concentrations of a wide range of competitively binding ions
change frequently and rapidly in response to signaling events.

The results also show that the NW1, DDAA, and NW1-DDAA mutations affect Ca* and
Tb3* binding differently. For example, binding of CaZ* to the NW1-DDAA mutant is nearly
eliminated, yet the mutan’s capacity to bind Tb3* remains intact. Furthermore, large
differences in binding site structure separate the Th3*-bound NW1-DDAA mutant and its
WT counterpart even though they both appear to bind Th3*. As such, changes in binding
competence and binding structure depend on both mutation and bound ion but do not track
predictably with either parameter or with one another.

Infrared spectroscopy offers a sensitive, physically direct probe of binding site structure. Our
results reveal additional complexities in the conformational landscape produced by
modulating protein structure through mutagenesis and ion binding. In addition, they
demonstrate the utility of infrared spectroscopy for mapping unexplored regions of this
landscape.
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Figurel.

Schematic representation of the wild-type (WT) and mutant N-CaMs used in this study
bound to Ca?*. (A) Structure of full-length WT CaM. Binding site (BS) locations are
highlighted by black (BS 1), green (BS 2), and gray (BS 3 and BS 4) boxes. For this work,
we use only the sequence of N-terminal domain (NTD) CaM, which contains BS 1 and BS 2
and appears above the dashed horizontal line. (B) Structure of WT BS 1. Ca2* ions are
shown as green spheres connected by yellow dashed lines to carboxylate and carbonyl
groups responsible for coordination within the binding site. (C) Structure of BS 1 with both
NW1 (colored blue) and DDAA (colored red) mutations. (D) Structure of WT BS 2. (E)
Structure of BS 2 with both the NW1 and DDAA mutations. Note that the NW1 mutation
affects only BS 1; thus, BS 2 of the NW1 mutant is the same as WT. The DDAA mutant
involves mutation of both aspartate 20 in BS 1 and aspartate 56 in BS 2 to alanine; thus, the
DDAA mutant involves aspartate-to-alanine mutations in both BS but no insertion of
tryptophan in either site. The NW1-DDAA mutant combines both the NW1 and DDAA
mutations. The inset in panel C shows the relative sizes of the Ca2* and Th3* to scale with
the BS structure. Note that these structures are shown only for illustration of point mutation;

actual binding site structures differ and are both sequence-and ion-dependent.
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Figure 2.
Selected FTIR spectra of N-CaM bound to Ca2* and Th3*. Spectra for all structures are

included in Figure S1, and corresponding second-derivative spectra are included in Figure
S2. Solid white lines highlight peaks corresponding to different modes of carboxylate ion
coordination in Ca?*-N-CaM. The bidentate glutamate peak is visible in the Ca2*-bound
spectrum at 1553 cm™1, while the monodentate peak is visible at 1580 cm™1. Large, broad
absorptions around 1640 cm™! (shaded blue) are amide | modes in the protein backbone,
which report on global structure. The carboxylate region centered around 1575 cm™ (shaded
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red) reports on local structure in the ion binding sites and is highlighted as the focus of our
study.
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2D IR spectra of WT and mutant N-CaM bound to Ca?* and Th3* taken with a pump-probe
delay time (%) of 500 fs. The dashed red line in the bottom left panel highlights the location
of the diagonal slices shown in Figure 4. The bidentate glutamate peak is visible in the Ca%*-

bound spectrum near 1553 cm™1, while the monodentate peak is visible near 1580 cm™1.

Absorptions around 1640 cm™1 are amide | modes in the protein backbone. The carboxylate

region centered around 1575 cm™1 is highlighted as the focus of our study and reports on
local structure in the binding sites. The amide | region contains information about protein
secondary structure®? but is not interpreted in this work. Intensities are normalized to the
strongest feature in each spectrum, which is the amide | peak in all cases.
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Figure 4.
Selected 2D IR diagonal slices of WT and mutant N-CaM bound to Ca2* and Th3*. These

slices are extracted from the 2D IR data shown in Figure 3. The complete set of slices is
included in Figure S3. To facilitate comparison with FTIR spectra, shading, frequency guide
lines, and ordering of spectra are the same as in Figure 2. Note that the frequency axis is
narrower than in Figure 2 due to the frequency range of the 2D IR measurements.
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Figureb.

2D IR difference spectra extracted from the 2D IR data shown in Figure 3. Difference

spectra are calculated by subtracting the apo spectrum from the Ca2* and Th3* spectra for

each mutant. The difference spectra thus highlight the specific spectral signatures of Ca2*

and Tbh3* binding relative to the unbound protein. Note that the color scale covers a narrower

range than in Figure 3 to highlight weaker features.
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