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ABSTRACT: Pulsed dipolar electron spin resonance spectroscopy
(PDS) is a powerful tool for measuring distances in solution-state
macromolecules. Paramagnetic metal ions, such as Cu?', are used as
spin probes because they can report on metalloprotein features and can
be spectroscopically distinguished from traditional nitroxide (NO)-
based labels. Here, we demonstrate site-specific incorporation of Cu**
into non-metalloproteins through the use of a genetically encodable
non-natural amino acid, 3-pyrazolyltyrosine (PyTyr). We first
incorporate PyTyr in cyan fluorescent protein to measure Cu*'-to-
NO distances and examine the effects of solvent conditions on Cu**
binding and protein aggregation. We then apply the method to
characterize the complex formed by the histidine kinase CheA and its
target response regulator CheY. The X-ray structure of CheY—PyTyr
confirms Cu labeling at PyTyr but also reveals a secondary Cu site.

Dist.ance.(A)

Cu’*-to-NO and Cu**-to-Cu’** PDS measurements of CheY—PyTyr with nitroxide-labeled CheA provide new insights into the
conformational landscape of the phosphotransfer complex and have implications for kinase regulation.

B INTRODUCTION

Pulsed dipolar electron spin resonance (ESR) spectroscopy
(PDS) in concert with site-specific spin labeling provides long-
distance restraints (normally up to ~90 A,"” but even longer in
special cases’) to characterize protein conformation and
assembly states in solution."”* The most commonly used
spin label is a nitroxyl-based spin-probe (NO), that is,
covalently attached to engineered cysteine residues.” However,
specific labeling of large proteins can be challenging as they
often contain many Cys residues, not all of which can be
replaced without altering critical properties. To circumvent this
issue, non-natural amino acid incorporation has been
developed for spin labeling.” However, the chemical stability
of nitroxide radicals can be limiting, and furthermore, they are
spectroscopically indistinguishable from each other. Thus, the
presence of more than two sites creates complications in data
interpretation.7’8 The use of paramagnetic metal ions as spin
probes for double electron—electron resonance (DEER)
spectroscopy, both in conjunction with and in place of
nitroxides, can mitigate these limitations. Anisotropic g-tensors
of the metal ions allow for the specific excitation and detection
of these centers, enabling metal—metal, metal-NO, and NO—
NO interactions to be uniquely determined.” ™" For example,
Cu’" ions have been used extensively in both proteins that
natively bind the metal,"' ™' as well as protein and DNA
systems that artificially incorporate Cu?*.'”'® PDS-derived
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distance distributions have also been obtained using
manganese,'”'® molybdenum,'” and iron."””** Recently,
Gd*" has been exploited as a spin label owing to its excitation
at high frequency (W-band), which increases sensitivity.”>**
Such sensitivity combined with genetically encoded specific
labeling™ opens the door to DEER measurements in vivo.”®
Nonetheless, specificity of binding is a major limitation in the
use of metal ions as spin probes. Natural metal-binding centers
in active sites and metal-binding loops of metalloproteins have
been adopted to this end,'”"*'?*"*® but engineering these
complex centers into noncognate systems is not fully
generalizable and can require substantial perturbations to the
protein. A new semisynthetic strategy involving histidine
placement in defined secondary structure offers minimum
perturbation and transferability but still requires a specific
scaffold.”* ™ Thus, a small, specific Cu®* spin-probe that can
be incorporated at any position in a protein is desirable. To
this end, we have employed a genetically encodable non-
natural derivative of tyrosine, 3-pyrazolyltyrosine (PyTyr,
Figure 1), to site-specifically incorporate Cu** ions for PDS
measurements. PyTyr was previously used as an electron
acceptor in protein electron transfer experiments’ and its
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Figure 1. Targeted Cu® incorporation into CFP. (A) Cu®* binding
amino acid PyTyr shown with Cu**—~NO separation in CFP expected
from the crystal structure of CFP (PDB: 3ZTF %) modeled with a
nitroxide on residue 208. (B) Distance distribution and denoised
time-domain spectrum (inset) obtained by Cu?>*~NO DEER
spectroscopy in H,O-based buffer (see Figure S2 for D,O data).
The red regions indicate the small uncertainty arising from the SVD
of the denoised signal.

ability to bind and stabilize Cu®* with nanomolar affinity”'
makes it a suitable candidate for use as a spin label. Here, we
incorporate PyTyr into two different proteins and demonstrate
its utility for PDS. For proof of principle, we measure Cu’**—
NO distances in cyan fluorescent protein (CFP, Figure 1), and
then, we characterize the interaction between the histidine
kinase CheA and its phosphorylation target, the response
regulator protein CheY (Figure 2).
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Figure 2. Crystal structure of CheY—PyTyr (A) ribbon representation
of CheY41PyTyr. Inset: Cu center bridging the dimer; PyTyr
sidechains serve as Cu ligands. (B) Unbiased electron density for di-
Cu site at the dimer interface (B and D subunits), (C) unbiased
electron density for the internal secondary Cu site. Refined omit map
(F, — E.) electron density shown at 6¢ for both (B,C).
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B EXPERIMENTAL METHODS

Synthesis of PyTyr. Production of Boc-L-3-lodotyrosine.
3-Iodo-L-tyrosine was purchased from Aapptec. A 500 mL
round bottom flask was charged with 3-iodo-L-tyrosine (2.0 g,
6.51 mmol), di-tert-butyl dicarbonate (1.42 g, 6.51 mmol), 40
mL of dioxane, and 60 mL of 500 mM NaOH. A solution of 6
M NaOH was then added dropwise until the pH reached 9.5.
The reaction stirred at room temperature for 4 h. NaOH was
added dropwise as needed to maintain the pH at 9.5. The
reaction was quenched with 6 M HCI until the pH reached 1,
at which time the solution was extracted with ethyl acetate and
washed with 1 M HCl followed by brine. The organic layer was
dried with MgSO, and filtered. Solvent was removed by rotary
evaporation to afford a yellow oil. This oil was purified by
column chromatography, using silica gel 60 A with a gradient
of dichloromethane/methanol (100/0 to 50/50 v/v). Drying
under vacuum afforded an off-white solid (Boc-L-3-iodotyr-
osine) at 60% yield.

Production of PyTyr. Under a nitrogen atmosphere, Boc-L-
3-iodotyrosine (2.0 g, 4.93 mmol) was added to a 100 mL
Schlenk flask, along with Cs,CO; (3.21 g, 9.86 mmol), Cul
(0.47 g, 2.46 mmol), pyrazole (0.34 g, 4.93 mmol), and dry
dimethylformamide (25 mL). The reaction was heated to 180
°C and was stirred for 18 h. After cooling, the reaction mixture
was extracted with ethyl acetate and washed with 2 M HCL.
The aqueous phase was concentrated by rotary evaporation to
yield a brown solid. This solid was redissolved in water and
then purified by high-performance liquid chromatography
(Atlantis T3 C18 column 186003708, 40 mL/min flow rate,
0—60% acetonitrile in water over the course of 40 min) to a
white solid at 15% yield. 'H NMR (300 MHz DMSO-dy): &
8.34 (2H), 7.73 (1H), 7.62 (1H), 7.04 (2H), 6.51 (1H), 4.15
(1H), 3.08 (2H).

Protein Expression and Purification. DNA coding for
the desired protein was cloned into pET28 using the Ndel and
EcoRI restriction sites. For sequences cloned into the Ndel
site, the histidine affinity tag introduced by the vector normally
adds a GlySerHis peptide before the N-terminal Met residue.
To guard against unwanted N-terminal copper binding, the His
in this vector sequence was mutated to Ala after cloning into
Ndel. The resulting plasmid was cotransformed with pEVO1
containing PyTyrRS under control of an arabinose promoter in
Escherichia coli BL21(DE3) cells. A single colony was picked
and placed in a S mL starter culture of Luria—Bertani (LB)
broth with kanamycin (250 pg/mL) and chloroamphenicol
(170 ug/mL). After overnight growth at 37 °C, 1 mL of the
starter culture was aliquoted into 200 mL of LB supplemented
with the same concentration of antibiotics, as well as 30 mg of
PyTyr. Cells were grown at 37 °C until the optical density
reached an Agy, of 0.6, at which time they were induced with
isopropyl f-D-1-thiogalactopyranoside (1 mM final concen-
tration) and arabinose (400 mg). The cells were grown at 37
°C overnight before being pelleted. The cell pellet was
resuspended in 20 mL of lysis buffer [SO mM N-(2-
hydroxyethyl)piperazine-N’-ethanesulfonic acid (HEPES) pH
7.5, 500 mM NaCl, and S mM imidazole], followed by
sonication to lyse the cells. The lysate was then centrifuged,
and the supernatant applied to Ni**~NTA affinity resin.
Nonspecific binding was removed by washing with a buffer of
50 mM HEPES pH 7.5, 500 mM NaCl, and 20 mM imidazole
(wash buffer). A solution of S mg [1-oxyl-2,2,5,5-tetramethyl-
pyrroline-3-(methyl)-methanethiosulfate] (MTSSL), 150 uL
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acetonitrile, and 5 mL wash buffer was added to the resin for
labeling with a nitroxyl radical at position C208 or at both
C208 and C151. This solution was incubated with the resin for
S h at room temperature and then 7 h at 4 °C. The labeled
protein was then eluted with a buffer of 50 mM HEPES pH
7.5, 500 mM NaCl, and 200 mM imidazole. The His4 tag was
removed by overnight incubation at room temperature with
thrombin (200 ug), and the protein was further purified by
size-exclusion chromatography (SEC) (Superdex 200 10/300
analytical column). Cu®* was added by direct addition of
CuSO, (1.5 equiv) and incubation at 4 °C overnight. The
protein was then exchanged into a buffer of S0 mM (2-(N-
morpholino)ethanesulfonic acid) (MES) pH 7.5, 150 mM
NaCl, and 30% glycerol. This process yielded 830 pug of
CFP151PyTyr. It was concentrated to 150 #M and flash-frozen
for PDS measurements. Both D,O-based buffers with dg-
deuterated glycerol and H,O buffers with protonated glycerol
were used as indicated. In some cases, 50 mM Tris-HCI
[tris(hydroxymethyl)aminomethane hydrogen chloride] buffer
pH 7.5 was used in place of MES to test the effects of a more
strongly chelating buffer. Thermotoga maritima CheY41PyTyr
was produced identically to that described above, except that
Glu41l was mutated to TAG with QuikChange mutagenesis
(Stratagene, La Jolla, CA). This process yielded S10 ug of
CheY41PyTyr, which was concentrated to 600 yM, incubated
with PP, as previously described, and then flash-frozen for
PDS measurements. Selective and complete PyTyr incorpo-
ration was confirmed via electrospray ionization—mass
spectrometry.

CheA PP, variants were expressed and purified as
previously described,”*>* and nitroxide labeling was per-
formed in the same way as CFP above. The proteins were
concentrated to 1 mM and flash-frozen for PDS measurements.

Structure Determination. CheY—41PyTyr—DS54K crys-
tals were obtained at 22 °C by the hanging drop vapor
diffusion method by mixing 1.5 yL of CheY—41PyTyr—D54K
in a buffer of 50 mM Tris-HCI pH 7.5 and 150 mM NaCl with
1.5 uL of mother liquor containing 100 mM HEPES pH 7.0,
200 mM (NH,),SO,, 22% poly(ethylene glycol) 4000, and 15
mM CuCl,. Crystals were flash-frozen in liquid nitrogen.
Diffraction data were collected at the 24-ID-C beamline of the
Advanced Photon Source at Argonne National Laboratory at a
wavelength of 0.979 A with a Pilatus-6MF detector. Data were
reduced and scaled using HKL.2000.** The initial structure for
CheY—41PyTyr—DS54K was determined by molecular replace-
ment using WT CheY (PDB ID: 4TMY) as a model. Further
refinement was carried out with REFMAC® and PHENIX’®
amidst cycles of model building in COOT.”’

SEC Coupled to Multi-Angle Light Scattering (SEC-
MALS) of CheY-41PyTyr—D54K. To determine the
oligomeric state of CheY—41PyTyr—D54K in solution, SEC-
MALS was performed with and without Cu®". Proteins (2 mg/
mL) were run at room temperature on an SEC column (SEC-
$3000-BioSep) preequilibrated with S0 mM MES pH 7.5 and
150 mM NaCl buffer. The sample with Cu** was incubated
overnight at 4 °C with 1 equiv of CuSO,. Analysis and
molecular weight determination were carried out with Wyatt
technologies ASTRA. Bovine serum albumin (Sigma) was used
as a control for data quality.

Pulsed Dipolar ESR Spectroscopy. PDS Methods and
Data Collection. Briefly, in the standard (4-pulse) DEER
method,” the sequence of three mw pulses, 7/2—t,—7—t,—7—
(t,—t;)—echo, is applied at the frequency @y to create a
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refocused primary echo. This echo detects the electron spin at
the selected field position in the ESR spectrum (of a Cu**),
while the “pump” 7z-pulse, applied at a sufficiently different
frequency, @,y flips the electron spins corresponding to a
different part of the spectrum, which can be that of another
electron spin (of MTSSL e.g., referred to below as R1) at a
distance r. The time position of the pump pulse is advanced in
small (16 ns) steps from the second to the third detection
pulse, producing an amplitude modulation of the echo by the
dipole—dipole interaction between the electron spins. The
modulation pattern thus mainly represents the “dipolar”
oscillations from the coupling. From the oscillation frequency,
Wy, & 1/ 1, the distance r can be accurately determined. The
position of the echo does not change in this version of DEER;
therefore, various relaxation and nuclear electron spin echo
envelope modulation (ESEEM) contributions to the echo
amplitude are relatively small residual effects.

Four-pulse DEER of CFP151PyTyr and CheY41PyTyr—
CheA complexes was carried out on a modified home-built Ku-
band, FT ESR spectrometer’® operating over the 17.0—17.6
GHz frequency range and optimized for PDS.”” The
measurements were conducted on 100 M protein solutions
(usually deuterated, MES-buffered saline, and 30% glycerol) in
2 mm id. quartz capillary tubes at 20 K using a CF935 flow-
cryostat with an ITCSO3A temperature controller (Oxford
Instruments, Inc.). Figure S1 (right) shows the field-swept
primary echo recorded on Cu**/RI labeled CFP151PyTyr.
The spectrum was recorded at 60 K at a pulse sequence
repetition rate of 100 Hz to avoid power saturation of R1. At
these conditions, the recorded spectrum is dominated by the
narrow spectrum of R1; the Cu® part appears as a wide low-
intensity band. The broad extent (~100 mT) of the Cu®* ESR
spectrum permits, in principle, a wide separation between the
pump and detection frequencies in DEER measurements; thus,
increased pulse intensities can be applied for nitroxides.
However, in this work, the separation was limited by the
resonator bandwidth to 140 MHz (=5 mT). At the respective
spectral position, the Cu’* refocused echo is only a quarter of
that at the spectral maximum at 600 mT but still affords a good
signal-to-noise ratio (SNR).

For DEER detection on Cu**, we used an 8/16/16 ns pulse
sequence applied at 1 kHz rate. The pump pulse in these cases
was limited to 16 ns for Cu**~NO in order to keep small the
nonlinear effects caused by simultaneous flipping of two NO
spins (in the case of dimeric species), even though it was
possible to flip more than 50% of the spins by using an 8 ns or
shorter pumping pulse. In the Cu®**—Cu’" distance measure-
ments, the detection frequency was in the Cu®* spectral region
located 10 mT below the low-field edge of the nitroxide
spectrum. An 8 ns pump pulse was applied 5 mT further below
this point using 140 MHz higher microwave frequency. The
signal background was approximated by a polynomial function
in the semilog scale and subtracted out.”” The modulation
depth of the time-domain DEER spectrum (A) is defined as
A(p) = %ﬁiil{“;m, where p is the fraction of spins
flipped by the pump 7-pulse.”’ ~** A depends on the number
of interacting spins, N, as A(p,N) =1-(1- p)N_l.41_45 For
two spins, A(p,2) = p. We choose to plot the time domain data
normalized to the modulation depth, such that DEER(.¢y = A
and DEER;_,) = 0. Under our experimental conditions (16 ns
m-pulse pumped at the center of the nitroxide spectrum), A
was ~0.36 for two sites that are 100% labeled. In the case of
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Cu’*, the pumping efficiency is <10% of that for nitroxide, but
the pump pulse used was twice as intense (8 ns). Thus, one
would expect A to be in the range of 0.03—0.10 for well-
occupied Cu centers.

PDS Data and Error Analysis. To obtain well-resolved
distance distribution, we first apply the WavPDS method™ (a
wavelet denoising procedure for PDS) to remove noise from
the experimental signal. Noise in the PDS signal effectively
restricts the resolution of the distance distribution. Unlike
other filtering methods, the wavelet transform can simulta-
neously use both the time and frequency information to
remove noise. The WavPDS method selects the threshold to
eliminate noise without distorting the signal information,*’
thereby effectively retrieving the desired signal.

The denoised signal is then used to reconstruct distances
using the new singular-value decomposition (SVD) method*®
developed to solve ill-posed problems such as for the PDS
signal. The SVD method overcomes the limitations of the
standard Tikhonov regularization method*”** in obtaining
accurate distances and avoiding spurious peaks. Instead of
finding a solution that is a compromise between stabilizing it in
the presence of noise and obtaining a good approximation in
regularization, the SVD method finds the optimal solution at
each distance range from the denoised spectrum, leading to a
well-resolved distribution. This method takes advantage of the
fact that the P(r) at each distance will converge with respect to
the number of singular value contributions at different rates
before becoming unstable.

After denoising, the SNR in this study is about 1000. Thus,
unlike DEER studies processed by standard methods, the noise
is not a primary source of uncertainty in the distance
distribution.”’ What remains is the very small uncertainty in
selection of the SVD cut-off** and uncertainty in the baseline
subtraction. In the SVD method, accurate distributions are
obtained from all the singular values that contribute to stable
solutions. Different ranges of the distance distribution are
treated independently. The uncertainty is estimated for
singular value contributions, where the distance distribution
has converged to the accurate solution and remains converged
with added contributions. The minimum and maximum values
that a distance range in the distribution can have in the
converged region are taken as the uncertainty from this source.

Orientation Selections. Failure to account for insufficient
sampling of the inter-spin angle in the Fredholm kernel due to
Cu’" g-factor anisotropy can skew distance distributions that
result from a typical Tikhonov treatment of DEER data.'>
However, these errors are generally not large'”'' and are
further mitigated owing to the following factors that apply to
the PDS data acquired here: (1) echo detection on the axial
Cu(II) signal at high field values, where g, and g, are well
excited and mixed into g, from Cu(II) hyperfine splitting; (2)
pump excitation captures virtually all of the nitroxide
orientations to which a given observing Cu(II) center will be
sensitive; and (3) unlike typical Cu-coordination centers, the
Cu(II) label is flexible by virtue of pyTyr side-chain torsion
angle variation. Hence, no special considerations were made
for orientation selection effects caused by an observation
frequency that did not cover the complete Cu(II) anisotropic
g-tensor.

B RESULTS AND DISCUSSION

Cu-Labeled Cyan Fluorescent Protein (CFP). In order
to incorporate PyTyr into a protein of interest, we employed a
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mutant tRNA/tRNA synthetase pair (PyTyrRS) previously
evolved to target the amber (TAG) stop codon.”’ PyTyr was
synthesized from tyrosine and pyrazole by a cross-coupling
reaction, with some modification to the published protocol
(see Experimental Methods).>" PyTyr was first incorporated
into CFP (Figure 1), a derivative of green fluorescent protein
that offers a colored, structurally characterized system to test
protein yield and experimental feasibility.> PyTyr was placed
at position 151 (CFP151PyTyr), and a Ser208Cys substitution
was introduced by site-directed mutagenesis to allow addi-
tional labeling with a nitroxyl radical. This double mutant was
cloned into pET28 and co-expressed with PyTyrRS in E. coli
BL21(DE3) cells. The Hisy-tagged protein was purified by Ni—
NTA affinity chromatography, and Cys208 was labeled on-
column with nitroxide spin label (MTSSL). After removal of
the His-tag by thrombin digestion and subsequent gel filtration
chromatography, the protein was buffer exchanged and
concentrated to 100 yM for measurements. Finally, Cu*" was
added by incubation with CuSO, (1 equiv) at 4 °C overnight.

Cu**—NO PDS data were collected on 100 M CFP in
D,0-based MES buffer over 12 h with a four-pulse DEER
pulse sequence on a home-built Ku-band ESR spectrometer
operating in the 17.0-17.6 GHz range.38 For Cu**-NO
measurements, nitroxide spins were pumped at 1 mT below
the central maximum of the nitroxide spectrum, whereas Cu*
spins were detected at a frequency corresponding to the field 5
mT below the pumped position (Figure S1). The time-domain
trace (Figure S2) was first denoised with WavPDS"” and then
converted to distance distributions using the SVD method (see
Experimental Methods).*® This treatment was compared to
that by Tikhonov regularization with maximum entropy
optimization (TIKR-MEM, Figure S2). In both cases, the
pairwise distance distribution obtained [P(r), Figures 1B and
S2] reveals a prominent peak at ~35 A that agrees well with a
model based on the crystallographic structure of CFP (Figure
1),>* but also a trailing shoulder at longer distances that likely
represents a modest degree of aggregation owing to PyTyr-
mediated interactions (see below). Both the TIKR-MEM and
SVD treatments also give rise to a short-distance contribution
at ~20 A. The dipolar frequency of this component is
consistent with nuclear modulation from strongly coupled
deuterons (ESEEM), which could derive from Cu®*-coordi-
nated solvent molecules that are observed in the crystal
structure of pyTyr—CFP.”>" However, DEER data on a sample
prepared in H,O buffer (Figures 1B and S3) showed no
change to the 20 A feature, excluding ESEEM as primary
explanation. Interestingly, the minor long distance components
were reduced in H,O, consistent with an origin in aggregation.
We also prepared the sample in Tris-H,O buffer, which is a
stronger chelator of Cu®** (K; ~ 10%)*° than MES buffer, which
does not bind cupric ion.*® The considerably diminished signal
produces a distribution in which the primary peak is
maintained, but the short distance component is lost (Figure
S3). This result suggests that the 20 A feature may arise from a
weakly bound Cu** ion.

To confirm that the longer distances may owe to protein
aggregation, we collected DEER data so that both the pump
and detection frequencies were set on nitroxide (NO—NO).
As each CFP has only one RI label, any NO—NO distances
indicate some form of oligomerization (Figure S3). Indeed, an
NO-NO distance of ~47 A is found, albeit the modulation
depth is considerably less than in the Cu**~NO case (Figure
S3). Finally, to corroborate the primary Cu®**—~NO distance
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measurement, we also performed DEER on a CFP sample
labeled at both positions 151 and 208 by R1 (Figure S3). This
NO-NO experiment, where there are two nitroxide labels per
monomer, gives a well-defined 34 A distance with a broad base
that agrees well with the primary peak of the Cu>*~NO data
(Figure S3). Thus, the PDS experiments with CFP
demonstrate that the PyTyr incorporation allows Cu’*
targeting for determining distant constraints by DEER.
Although complications from nonspecific Cu** binding and
aggregation may arise, they are relatively minor effects in this
case.

Histidine Kinase Response Regulator. PyTyr Cu®*-
labeling was then applied to characterize domain juxtaposition
in the complex formed by the histidine kinase CheA and its
response-regulator CheY. CheA and CheY form a two-
component system that regulates bacterial motility in response
to chemoattractants.’” T. maritima CheA is a dimeric kinase,
each subunit composed of five domains (named P1 through
PS). CheY docks at the CheA P2 domain to receive phosphate
from the P1 domain, which undergoes autophosphorylation on
a specific histidine residue by the ATP-binding P4 domain.
Flexible linkers allow P1 to interact with both P4 and P2-
bound CheY.”®* Crystal and NMR structures are known for
all of the CheA domains,®®™®® but the conformational
properties of CheA, which are key for catalyzing phospho-
transfer from ATP to CheY, are less well characterized.
Following a protocol analogous to those described above, we
labeled the response regulator CheY with PyTyr—Cu*" at
residue 41. In attempts to limit competitive Cu®" binding by
the CheY phosphorylation center,””*> which coordinates Mg*",
Asp54 was changed to Lys. CheA domains P1P2 were labeled
with nitroxide on either P1 (residue 76) or P2 (residue 178) in
an otherwise Cys-less version of P1P2 (C63S, C208S, residues
1-263). CheY41PyTyr was expressed and purified (510 ug at
600 M) in the same manner as CFP1S51PyTyr, except that
there was no need for nitroxide spin labeling. Electron-spray
ionization mass-spectrometry of CheY41PyTyr revealed the
expected mass for incorporation of the non-natural amino-acid,
with no contribution from CheY with the native residue at
position 41 (Figure S4). CheA was expressed, purified, and
spin-labeled, as previously described.” Complexes were formed
by direct addition of each component and incubation
overnight at 4 °C. Samples were flash-frozen in liquid N, for
PDS measurements.

Structure of CheYPyTyr. To investigate copper binding to
CheY41PyTyr and the effect of the PyTyr substitution on the
CheY structure, we crystallized CheY41PyTyr with excess Cu®"
and determined the structure to 2.7 A resolution (Table S1).
Although CheY41PyTyr clearly binds Cu?*, it does so through
an unusual di-Cu coordination center at the interface of a
crystallographic dimer (Figure 2). Each of the two Cu atoms is
bound by the PyTyr sidechain and the carboxylate of Glu45,
with the hydroxyl group of each PyTyr bridging the two metal
atoms. This mode of metal coordination is decidedly different
than that observed with PyTyrCFP.*" To confirm that the di-
Cu center of CheY41PyTyr forms as a consequence of
crystallization, MALS was carried out to determine that the
protein remains monomeric in solution (Figure S5). The
molecular weight of CheY41PyTyr determined by MALS
matched that for a CheY monomer (13.5 kDa), both in the
presence and absence of one equivalent of Cu®**. Thus, the
dimeric structure found in the crystal structure of CheY—
41PyTyr—DS54K is a consequence of crystallization and/or the

9447

excess of Cu® and does not represent the primary species
present in solution when only 1 equiv of Cu®' is available.
Nonetheless, under high concentrations, PyTyr-mediated di-
Cu centers could produce some aggregation in the samples.
Contributions from such dimers would be expected to generate
small shoulders in the Cu**~NO distance distributions, as is
observed with CFP (Figures 1, S2, and S3).

PDS of the CheY—CheA Complex. Cu**~NO DEER
time-domain data (Figure S6) were collected and analyzed in
the same manner as for CFP151PyTyr. The resulting distance
distributions (Figure 3) report on the solution-state structure
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Figure 3. PyTyr-based PDS for the CheY—CheA P2 complex. (A)
Schematic for CheY—P2 magnetic dipolar interactions. The copper
centers of CheY are represented in blue, the nitroxide label in red. (B)
Crystal structure of CheY in complex with the P2 domain of CheA
(PDB: 1U0S*°). The modeled Cu?*—NO distances and Cu**—Cu?*
are in good agreement with the major peaks in the CheY—P2 distance
distributions shown in (C,D). (C) Cu®**~NO DEER-derived PDS
distribution with its small uncertainty (red) for the CheY—P2
complex in D,0O buffer shown with background-corrected denoised
time-domain data (inset). (D) Cu**—Cu®>* DEER-derived PDS
distribution for the CheY—P2 complex shown with denoised time-
domain data (inset).

of the CheA—CheY complex and can again be compared to
crystallographic data. Interestingly, the Cu®*—~NO distance
distribution between CheY and P2 has two dominant maxima,
despite there being only one binding mode for the protein
complex in the CheY—P2 crystal structure®® (Figure 3B). The
most probable distance of 52 A in the major peak of the PDS
distribution agrees well with that structure but the second
peak, centered at 39 A, does not. However, further analysis of
the CheYPyTyr crystal structure revealed a second, more
internal Cu** site involving Asp9, Metl4, and Cys81 as
coordinating ligands (Figure 2C). The predicted distance of
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this second Cu** ion to the nitroxide label on P2 residue 178 is
~40 A, which is consistent with the second major peak of the
DEER distribution (Figure 3). Two Cu®' ions within CheY
should also produce a Cu**—Cu®* dipolar signal. Indeed, such
DEER results reveal a mean Cu**—Cu®* separation of ~30 A,
again in keeping with the crystallographic coordinates (Figures
3 and S7). The modulation depth of the Cu’* signal (Figure
3D) also suggests partial occupancy of this secondary site (A =
0.03—0.1 for two fully occupied sites, see Experimental
Methods), again consistent with the crystallography. A short
distance component may also contribute to the broad
distribution derived from the Cu**—Cu?* DEER data (Figure
3D). A possible metal-ion site on the surface of the protein
~15 A from the internal Cu center was detected in the crystal
structure; this surface position, which involves only Asp20 as a
ligand, is unlikely to be highly occupied in the solvated
complex. It is worth noting that the weak short distance
component in the Cu**~NO distribution at ~20 A (Figure
2C) does not arise from a Cu**—Cu®" interaction and thus
does not correspond to the 28 A feature observed in the Cu**—
Cu?" distribution (Figure 3D). There is little intensity in the
Cu®" spectrum at the nitroxide pumping frequency (Figure
S1), and furthermore, with a 16 ns pulse, the Cu®* pumping
efficiency is at least an order of magnitude less than that of
nitroxide. Thus, Cu** pumping will be insignificant relative to
that for nitroxide in the Cu**~NO dipolar spectrum. The
source of the 20 A peak in the Cu>*~NO P(r) is unclear but
may involve a minor Cu’* binding site in P2.

When the P1 domain is nitroxide-labeled, the resulting
Cu?*—NO signal with CheY produces a bimodal distribution
with the major peak centered at ~24 A and a smaller peak
centered at 49 A (Figures 4 and S8). Thus, the P1 domain is in
close vicinity of the P2—CheY complex, despite the presence of
a flexible spacer of considerable length (48 residues) between
them. Interactions between CheY and P1 are weak and have
been difficult to characterize, but the ~24 A separation
corroborates a model of the P1—CheY—P2 encounter complex
produced from NMR data on the E. coli proteins®® (Figure
4B). In this configuration, both the PyTyr and the internal
Cu’" center give nearly equal distances to the P1 nitroxide.
Neither the Cu center is compatible with the 52 A distance
found in the distribution (Figure 4C). Thus, the P1 domain
may alternate between two conformations: a docked state that
contacts CheY and participates in phosphotransfer and an
undocked state located further away from P2—CheY.
Interactions of the domains or linker must constrain the
undocked state at ~S0 A, roughly the distance across P1 and
CheY. Colocalization of the undocked domains is also
consistent with the inability of shorter linkers to increase
autophosphorylation, which would be expected if P1 and P2
were joined but relatively unconstrained.”® Localization of P1
by P2 will facilitate phosphotransfer to CheY, but not
phosphorylation of P1 by P4. Thus, factors influencing the
organization of the domains involved in phosphotransfer may
have important implications for overall kinase regulation.

B CONCLUSIONS

This study has demonstrated the site-specific incorporation of
Cu®" for use as a spin label in PDS experiments. In principle,
any position on any protein expressed in E. coli can be targeted
by this method. A clear issue is nonspecific binding of Cu*"
ion. For the CFP system, secondary Cu** binding was
relatively minor and revealed by a more strongly chelating
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Figure 4. Phosphotransfer complex revealed by PyTyr PDS. (A)
Schematic of the undocked (top) and docked (bottom) states of P1
relative to the P2—CheY complex. The copper centers of CheY are
represented in blue, the nitroxide label in red. (B) Structural model of
the docked state based on NMR data on E. coli proteins.”* (C)
Distance distribution for Cu>**~NO (P1) DEER in H,O with its small
uncertainty (red) shows separations indicative of both major
undocked and minor docked states. Both CheY Cu’' centers give
similar distances to the P1 nitroxide moiety in the docked
configuration. Background-corrected denoised time-domain data
displayed as an inset.

buffer. For CheY, an additional metal-ion binding site within
the protein supplied two soft ligands (Metl4 and Cys81),
along with Asp9 to coordinate Cu**. However, such additional
Cu’* binding sites need not be detrimental to a structural study
if they can be identified by other means, such as
crystallography or Cu**—Cu®" PDS. In the latter case, PyTyr
incorporation can be used to detect such sites in the absence of
other information. Another potential complication of Cu*"—
PyTyr is the tendency of the metal ion to complete its
coordination shell with solvent or protein ligands. In D,0,
deuterium nuclear modulation from coordinated solvent has
the potential to produce short distance components in P(r).
However, such effects were absent in these studies and
nevertheless may be avoided by using H,O buffers. Additional
protein ligand coordination to the PyTyr metal complex can
drive association, although the resulting higher-order species
appear to be present in only minor amounts. Thus, with careful
application, PyTyr incorporation extends PDS as a useful tool
for exploring dynamic protein systems that are otherwise
difficult to structurally characterize. The genetically encodable
nature of PyTyr bypasses the need for attachment chemistry
and overcomes issues such as protein degradation during
labeling and the difficulty of targeting specific Cys residues in
large proteins. Spectroscopic challenges of Cu®" are also not
necessarily limiting'>'"*” and in some cases can be turned to
advantage. We note that PyTyr is a derivative of Tyr, and
where such a substitution is made, perturbation to the protein
structure may not be large. Saxena et al. have described an
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alternative strategy for incorporating Cu®' specifically into
proteins through introduction of judiciously positioned His
residues on known secondary structure elements.”* " The
combination of that strategy along with application of PyTyr
will enable high-fidelity dual labeling with Cu®'. Looking
forward, the ability to genetically encode PyTyr Cu*" labels,
the precursors for which are generally less reactive than those
for nitroxide radicals, also raises the possibility of their use as in
vivo spin probes.
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