1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2015 May 18.

-, HHS Public Access
«

Published in final edited form as:
Angew Chem Int Ed Engl. 2015 May 18; 54(21): 6330-6334. doi:10.1002/anie.201501968.

The Double-Histidine Cu2+-Binding Motif: A Highly Rigid, Site-
Specific Spin Probe for Electron Spin Resonance Distance
Measurements**

Timothy F. Cunningham, Miriam R. Putterman, Astha Desai, W. Seth Horne", and Sunil
Saxena’”

Department of Chemistry, University of Pittsburgh 219 Parkman Avenue, Pittsburgh, PA 15260
(USA)

Abstract

The development of ESR methods that measure long-range distance distributions has advanced
biophysical research. However, the spin labels commonly employed are highly flexible, which
leads to ambiguity in relating ESR measurements to protein-backbone structure. Herein we present
the double-histidine (dHis) Cu?*-binding motif as a rigid spin probe for double electron—electron
resonance (DEER) distance measurements. The spin label is assembled in situ from natural amino
acid residues and a metal salt, requires no postexpression synthetic modification, and provides
distance distributions that are dramatically narrower than those found with the commonly used
protein spin label. Simple molecular modeling based on an X-ray crystal structure of an unlabeled
protein led to a predicted most probable distance within 0.5 of the experimental value. Cu?* DEER
with the dHis motif shows great promise for the resolution of precise, unambiguous distance
constraints that relate directly to protein-backbone structure and flexibility.
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In recent years, the measurement of 1-10 nm distances between paramagnetic species in
proteins by pulsed electron spin resonance (ESR) spectroscopic methods has greatly
advanced biophysical research.[1] Most current applications of these methods rely on
covalent modification of cysteine residues with thiol-reactive spin labels.l'al The most
commonly utilized spin-labeling reagent reacts to form the nitroxidefunctionalized residue
R1 (Figure 1b), and the nitroxide is the reporter for ESR distance measurements. Site-
directed spin labeling (SDSL), and the Cys-derived R1 residue in particular, has found
widespread use in protein ESR as well as NMR spectroscopy.[2] Despite its promise in these
applications, SDSL suffers from a significant limitation: R1 measurements are dominated by
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the conformational dynamics of its flexible side chain rather than local protein-backbone
fluctuations.

Significant efforts to investigate R1 conformational preferences through X-ray
crystallography3l and computational techniquesl have helped to address this limitation in
part, though the accurate prediction of interspin distances in proteins remains challenging.
Much work has also been devoted to the development of alternate protein spin labels that are
more rigid than R1. Slight changes to the basic R1 residue through modification of the
nitroxide ring[®! or its replacement with alternate heterocyclesl®! can rigidify its structure. To
date, the most promising label for proteins appears to be the bifunctional RX side chain, in
which the nitroxide ring is covalently attached to two neighboring cysteine residues.l’] This
added rigidity comes at the price of a more complex synthetic scheme necessary to introduce
RX into expressed proteins. Thus, despite significant progress, there remains a need for a
protein-spin-labeling method that provides narrow, readily interpretable distances and
minimizes postexpression synthetic manipulations.

Paramagnetic metal centers can be used as an alternative to nitroxides for spin labeling
biological systems.[8] These probes have been introduced into proteins by the use of both
native metal-binding sitest®] and unnatural chelating side chains introduced by the SDSL-
like modification of cysteine.[10] Natural metal-binding sites can provide excellent
rigidity,[90.¢.100.11] bt can only be used when the system of interest natively binds metals.
The best unnatural metal-chelating tag shows distance-distribution widths comparable to
those of R1, thus suggesting similar flexibility.[12] Para-magnetic metals can alternatively be
incorporated into a protein through the creation of artificial metal-binding sites.[11213] One
such structure that has been utilized for a variety of applications is the double-histidine
(dHis) motif (Figure 1b),[132.14] in which two strategically placed His sides chains are used
to chelate Cu2*. The dHis motif has been used to chelate CuZ* in the context of an a-helix in
T4-lysozyme to measure short-range, relaxation-based, average distances at room
temperature.[14c]

Presented herein is the first use of the dHis—Cu?* motif as a spin probe for distance
measurements. We show that this readily introduced motif is ideal as a highly rigid spin
label in both a-helix and B-sheet environments. Individual histidine residues contain only
two rotatable bonds (as compared to five in R1), and the simultaneous coordination of Cu?*
by two histidine residues highly restricts the movement of the metal center relative to the
protein backbone.

To investigate the use of the dHis—-Cu?* motif, we incorporated it into the B1
immunoglobulin-binding domain of protein G (GB1). Two Cu?*-binding dHis sites were
introduced into GB1—one in the a-helix and one in the B-sheet. For the helix site, K28H
and Q32H mutations were performed to yield 28H/32H-GB1. The i and i + 4 placement of
the histidine residues accounts for the turn of the helix and produces a known metal-binding
environment.[24a] |n the sheet, I6H and N8H mutations were performed to yield 6H/8H-
GB1. Theiandi + 2 residue placement creates a dHis site by the placement of both
histidines on the solvent-exposed face of the sheet. Unlike the dHis helix site, to the best of
our knowledge, the B-sheet design has yet to be demonstrated experimentally. For Cu?*
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DEER measurements, the helix and sheet mutations described above were combined into a
single 6H/8H/28H/32H-GB1 variant. Finally, a 6C/28C double mutant of GB1 was created
and spin-labeled to yield 6R1/28R1-GB1. Plasmid preparation, protein expression,
purification, and SDSL were performed by standard methods (see the Supporting
Information). Circular dichroism data (see the Supporting Information) indicated that all
mutant proteins retained a native folded structure. Furthermore, we determined the crystal
structure of 6H/8H/28H/32H-GB1 (Figure 2a), which showed a tertiary fold identical to that
of wild-type GB1 (PDB: 4WH4).

One potential difficulty associated with the dHis motif is its relatively low CuZ*-binding
affinity. Apparent dissociation constants ranging from 200 to 2 mm have been observed for
various a-helix sites.[130] At the Cu2* concentrations necessary to fully populate these sites,
dHis—Cu?* binding can be accompanied by nonspecific binding of the metal elsewhere in
the protein. Previous NMR spectroscopic studies have suggested the existence of a
nonspecific Cu2*-binding site in GB1.[2%] We validated this observation by ESR
spectroscopy (see the Supporting Information). As a means to prevent nonspecific binding,
Cu?* was introduced to the dHis sites as a complex with iminodiacetate (IDA; Figure
1b).[133] On the basis of a crystal structure of Cu?* coordinated to two imidazole ligands and
an IDA derivative,[16] the Cu2*—IDA complex was expected to have one equatorial nitrogen
ligand, one equatorial oxygen ligand, and one axial oxygen ligand (Figure 1b). The IDA-
Cu2* complex retains two open binding sites that enable cis coordination by two histidine
residues, thus promoting Cu?* selectivity for the dHis sites. Electron spin echo envelope
modulation (ESEEM) data of 28H/32HGB1 with Cu?*—IDA in D,0 suggested that the sixth
open site in the complex is occupied by solvent water (see the Supporting Information).
Importantly, the use of Cu2*—IDA abolished nonspecific binding to wild-type GB1 at
concentrations at which the dHis sites are occupied (see the Supporting Information).

To investigate the binding environment of the dHis—Cu2* sites, we carried out continuous
wave (CW) and ESEEM experiments on 6H/8H-GB1 (B-sheet site) and 28H/32H-GB1 (a-
helix site) in the presence of Cu2*—IDA (Figure 2b). CW spectra are sensitive to atoms
coordinated equatorially to the Cu2* center. The remarkably similar spectra and
corresponding fits (see the Supporting Information) suggest a consistent binding
environment involving three nitrogen atoms and one oxygen atom (see Figure 1b)[17] for
both sites. The normalized Cu?* ESEEM spectrum for each dHis mutant (Figure 2b)
displayed features common for histidine coordination,[18] and the similarity of the spectra
suggests similar binding environments for the two sites. In particular, the appearance of the
slight feature at approximately 8 MHz suggests multiple histidine coordination.[19]
Additionally, the ratio of the nuclear-quadrupole-interaction (ca. 2 MHz) feature and the
double-quantum (ca. 4 MHz) feature is similar in both complexes, thus indicating that the
number of histidine residues that coordinate to Cu?* is the same in the two mutants.[192.20]
The ratio also matches well with comparable data for a model complex containing two
histidine residues (see the Supporting Information).[290] Taken together, the ESEEM data
and the CW data support the assembly of the binding environment as shown in Figure 1b for
both sites.
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Cu2* and nitroxide DEER experiments were performed on 6H/8H/28H/32H-GB1 and
6R1/28R1-GB1, respectively. For the Cu* measurement, orientational effects were probed
but found to be negligible (see the Supporting Information). Inspection of the baseline-
subtracted DEER signals and the resultant distance distributions (Figure 3a,b) enables direct
comparison of the behavior of the two different spin labels. The modulation depths of the
DEER measurements were 2.2% for Cu*, and 33% for R1. Nevertheless, a good signal-to-
noise ratio was achieved in a reasonable collection time (ca. 16 h) for the Cu*
measurement. A dramatic increase in the number of modulation periods was observed for
dHis—Cu?* relative to the use of R1 (Figure 3a), thus suggesting a much narrower distance
distribution in the former case. The data were analyzed with Tikhonov regularization[2]
(Figure 3b), which revealed a distance-distribution width (between 16 and 84% probability)
for dHis that was remarkably narrower (1.0A) than that found for the analogous R1 sample
(5.2A). This narrow distribution suggests the bound Cu2* centers are highly localized in
space, thus providing a very precise distance measurement.

We rationalized the interspin distances observed in the DEER experiments by a combination
of X-ray crystallography and molecular modeling. For the nitroxide sample, we modeled
R1-modified Cys residues into a published crystal structure of wild-type GB1; rotamers
were based on a previous crystal structure (Figure 3c).[3¢] The observed Cu?*- Cu2*
distance was interpreted on the basis of the X-ray crystal structure of 6H/8H/28H/32H-GB1
crystallized in the absence of copper (Figure 2a). All efforts to derivatize these crystals with
copper were unsuccessful; however, force-field minimization at both the helix and sheet
sites provided similar histidine rotamers and coordination geometries to those observed in a
previously reported crystal structure of Cu* bound to an IDA derivative and two imidazole
ligands.[16] The predicted Cu2*-Cu2* distance in this model (Figure 3d) was 25 A, in
excellent agreement with the measured most probable distance by DEER of 24.5 A. The
ease with which this distance was precisely predicated is remarkable. Despite significant
efforts, it is still difficult to predict R1-based distances by modeling techniques.[3¢40.d.22]

The results reported herein on dHis—Cu2* as a protein spin label for DEER are noteworthy
in light of the many successful applications of the bifunctional RX label.[23] Although RX
shows greatly increased rigidity as compared to that of R1, our findings suggest dHis—Cu2*
is superior in terms of the width of distance distributions and the simplicity of structural
interpretation. In the first use of RX, distribution widths of 2.8 and 2.0 A were reported in
two different model proteins, in which analogous R1 measurements displayed widths of 6.5
and 4.7 A respectively.[”] Additionally, one of the distances was modeled by using a crystal
structure of the RX-modified protein, and the predicted distance was 1.4 A longer than the
DEER distance.l”] The distance distribution between the two dHis—Cu?* sites in this study is
considerably narrower (1.0 A), and the predicted interspin distance was within 0.5 A of the
experiment value. Overall, the dHis—CuZ*—IDA motif displays distinct advantages over RX
as a highly precise, site-specific spin probe. These advantages are multiplied by the
operational simplicity of introducing multiple dHis sites in a single chain and modifying
those sites by the addition of a metal salt and ligand to the solution prior to ESR
spectroscopic measurement.
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In summary, we have shown herein that the dHis—-Cu?*—IDA motif is a highly rigid, site-
specific spin label useful for ESR distance measurements in proteins. The label can be
incorporated in both a-helix and -sheet contexts by the use of natural amino acids and
requires no postexpression synthetic manipulations. The distance distribution observed by
DEER between dHis sites in a small protein is significantly narrower than that observed for
an analogous mutant with R1 labels. The most probable distances are readily interpreted
through simple modeling. Together, these results demonstrate that Cu?* DEER with dHis
motifs is a simple yet highly effective means of overcoming the inherent limitations of the
commonly used R1 label. Furthermore, this histidine-dependent motif is an ideal alternative
in proteins in which cysteine incorporation and/or labeling is problematic. Given that dHis
coordination greatly restricts the motion of the Cu2* ion, the resultant distance
measurements can provide structural constraints that can be more readily related to
backbone flexibility. With further development, it may be possible to elucidate C,—C,,
distance distributions from these measurements. Such Cu2* DEER measurements will also
be important for NMR spectroscopic structure determination based on paramagnetic
relaxation enhancement,[24] and could possibly be combined with crystallography and/or
NMR spectroscopy for the accurate structure determination of very large, multicomponent
biological systems.[2?] Finally, this labeling may be also be suitable for in-cell metal-metal
ESR measurements(26] or the triangulation of locations of paramagnetic-metal binding.[27]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a) Overview of the DEER experiment. b) The mutations and resulting side chains of the
most common spin label (R1) and the paramagnetic metal label reported herein (dHis—Cu2*—
IDA). The widths of the resultant distance distributions are heavily influenced by the
flexibility of the side chain.
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a) Crystal structure of 6H/8H/28H/32H-GB1 (PDB: 4WH4). b) ESEEM and CW (inset)
data for each of the individual dHis sites complexed with CuZ*—IDA. All data are indicative
of coordination by two histidine residues and IDA for both the a-helix (28H/32H) and B-

sheet (6H/8H) sites.
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Figure 3.
a) Baseline-subtracted time-domain DEER data for both the R1 (gray) and the Cu?* samples

(black) as well as the best fit (dotted black lines) from Tikhonov regularization; modulation
depths have been scaled for comparison. b) The distance distributions for each sample. c,d)
Structural models of 6R1/28R1-GB1 and 6H/8H/28H/32H-GB1 complexed with Cu2*—
IDA with measured interspin distances.
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