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ABSTRACT

Genetic code expansion allows modification of the physical and chemical properties of proteins
by the site-directed insertion of noncanonical amino-acids. Here we exploit this technology for
measuring nanometer scale distance in proteins. (2,2'-Bipyridin-5-yl)alanine was incorporated into
the green fluorescent protein and used as anchoring point for Cu(Il) to create a spin-label. The
incorporation of (2,2'-bipyridin-5-yl)alanine directly into the protein resulted in high affinity
binding site for Cu(II) capable of outcompeting other binding positions in the protein. The resulting
Cu(II)-spin label is very compact and not larger than a conventional amino acid. By using 94 GHz
EPR Pulse Dipolar Spectroscopy we have been able to determine accurately the distance between
two of such spin-labels. Our measurements revealed that GFP dimers can adopt different
quaternary conformations. The combination of spin-labeling using paramagnetic nonconventional
amino-acid with high-frequency EPR techniques resulted in a sensitive method for studying the

structures of proteins.
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The technology for genetically encoding noncanonical amino-acids (ncAA) using exogenous
engineered tRNA/aminoacyl-tRNA synthetase (tRNA/aaRS) pairs can site-specifically endow a
protein with a new physical or chemical property in ways that conventional site-directed
mutagenesis using the 22 canonical amino-acids cannot.! This genetic code expansion technology
has the potential for greatly diversifying methods for paramagnetic spin-labeling of proteins for
magnetic resonance applications. Such spin-labels can then be coupled with Electron Paramagnetic
Resonance (EPR) techniques to study the tertiary and quaternary structures of proteins*® by
exploiting the magnetic dipolar interaction between two such labels. Two commonly used
techniques are DEER*® (Double Electron-Electron Resonance) and RIDME’# (Relaxation
Induced Dipolar Modulation Enhancement). Conventional site-directed spin labeling (SDSL) site-
specifically introduces cysteine residues that are subsequently linked to nitroxide radicals using
sulfur chemistry. This works best when the cysteines are unique and do not physically or
functionally affect the protein. Using genetic-code expansion technology, the ncAA azido-
phenylalanine has been used, instead of cysteine, to attach a spin-label using azido-alkyne click-
chemistry.”! Since it is bio-orthogonal, azido-phenylalanine provides a biologically and
chemically unique labeling site. A conceptually simpler and more elegant approach has been to
express the targeted protein directly with a paramagnetic ncAA. The first demonstration of this
approach was the genetic incorporation of the nitroxide radical 2,2,5,5-tetramethyl-pyrrolin-1-oxyl
amino acid into E. coli thioredoxin.!! More recently, 3-pyrazolyltyrosine (PyTyr) has been
introduced into the cyan fluorescent protein and the histidine kinase response-regulator CheY .
Cu(II) chelation to the ncAA resulted in the PyTyr:Cu(II) spin-label.!? DEER was used to measure

the distance between a PyTyr:Cu(Il) center and a nitroxide label attached to a cysteine residue.!?



An alternative approach has been to use classical site direct mutagenesis to encode the HXXXH
(dHis) motif optimally placed in helical structures that can form a high affinity rigid Cu(II) binding
site.!*15 dHis:Cu(Il) spin labels have been demonstrated to yield RIDME traces with narrow
distance distributions and good sensitivity.

The genetic incorporation of (2,2'-bipyridin-5-yl)alanine (BpyA) was the first demonstration of
the use of genetic-code expansion to introduce a metal-binding ncAA into a protein.'¢ Bipyridine
forms stable metal complexes and binds Cu(II) more strongly than any of the canonical amino-
acids.'”'® BpyA can be viewed as a compact bio-orthogonal single amino-acid version of the dHis
motif. Using the pPEVOL-BipyA plasmid developed by Schultz and coworkers,'®!° we have for the
first time encoded BypAs into proteins as spectroscopic labels. In particular, BypAs were
introduced into the monomeric ultra-stable variant of the green fluorescent protein (muGFP)¥.
Cu(II) were bound to form the BypA:Cu(Il) spin-labels. Although GFPs are typically dimeric,
muGFP was designed to be monomeric up to concentrations of 10 mg mL-! or about 360 uM.*° By
leveraging the sensitivity benefits of high microwave frequencies, we have been able to obtain
high quality 94 GHz RIDME traces from BypA:Cu(Il) labeled muGFP samples that were only 1
pL in volume having typical protein concentrations of less than 200 uM. Equally important, these
measurements shed light on the existence and structure of muGFP dimers even at low
concentrations. We demonstrate that the use of BypA:Cu(Il) and high-frequency RIDME is an

effective and sensitive approach for examining tertiary and quaternary structures of proteins.
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Figure 1. Fluorescence image of E. coli cells co-transformed with pEVOL-BipyA and the
expression plasmids for muGFP and the H25B, Y151B and H25B/Y151B variants. The empty
pET24a plasmid was used as negative control. The cells were grown on LB-agar media

complemented with 0.1 mM IPTG, 0.025% arabinose and O (left) and 500 mM (right) BpyA.

Expression plasmids for H25B, Y151B and H25B/Y151B (where B is denotes BpyA) mutants
of muGFP were prepared and used to co-transform E. coli BL21-DE3 cells together with the
pEVOL-BipyA plasmid to singly and doubly incorporate BpyA. As expected, the green
fluorescence of the cells carrying the mutant plasmids was only observed in media supplemented
with BpyA amino acid (Figure 1). The detection of the fluorescence was not only indicative of the
BpyA incorporation but also of the correct folding of the muGFP which is required for the
chromophore formation. The fluorescence of the H25B and Y151B variants were lower than that
of the muGFP. H25B/Y151B had the lowest. Purification studies showed that this was a
consequence of the protein expression level rather than misfolding. The yields of Y151B, H25B
and H25B/Y151B were 50%, 25% and 10% with respect to the unmodified muGFP. The
dependence of the expression level with the position?!2? and the number of incorporated ncAA is
a common occurrence that is not well understood?. To best of our knowledge, this is the first time

two BpyA have been successfully incorporated into a single protein. Even with diminished



expression levels sufficient amounts of the ncAA labeled proteins were obtainable for
spectroscopic applications.

The UV-visible spectra of the purified protein confirmed the BpyA incorporation (Figure 2).
The calculated extinction coefficient for muGFP at 280 nm is 20.4 mM-'cm™! and the measured for
2,2"-bipyridine?*, 13 mM-cm!. The ratios of the absorbance at 280 and 488 nm were: 0.41 for
muGFP, 0.68 for H25B and Y151B, and 0.95 for H25B/Y 151B, consistent with the incorporation
of one BpyA residue in the single mutants and two in the double mutant. An important advantage
of using 2,2'-bipyridine is that its complexation to copper, as well as other divalent metals such
Co(II) and Ni(II), can be simply and accurately quantified by following the changes in UV-visible
absorption at 280, 305 and 317 nm (Figure 2).52¢ By contrast, binding to the dHis and PyTyr are
more difficult to follow. Quantification of Cu(Il) loading is important given its propensity to
promiscuously binding to proteins. Titrations of the BypA labeled variants with Cu(Il) were
conducted following the change in absorption at 317 nm (Figure 2, inset). To reach a plateau, 0.8
equivalents of Cu(Il) per monomer was required for the H25B variant and 0.9 for the Y151B and
1.7 for the H25B/Y151B. The lower occupancy of H25B was likely due to the presence of Fe(II)
that already occupied some of the BpyA centers. This was evident from the significant absorbance
at 305 and 317 nm observed in the freshly purified H25B (Figure 2, black trace). Fe(II) occupancy
was estimated to be 20%. However, the occupancy depended on the protein expression conditions
(see Supporting Information for details). Spurious Fe(II) binding to BpyA has been previously

observed. 228
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Figure 2. UV-visible absorption spectra of muGFP and BpyA labelled variants. The spectra were

taken in the presence of 0 (black), 1 (red), 2 (green) and 3 (violet) equivalents of Cu(II) per protein

monomer. Spectra have been normalized to the intensity of the 488 nm GFP chromophore

absorption. The inset shows the variation in absorbance at 317 nm as a function of the added

equivalents of Cu(II) per protein monomer at pH 6 normalized to unity.
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Figure 3. (A) The 30 K 94 GHz field-swept spin echo detected EPR spectra of 50 uM
H25B:Cu(1I)/Y151B:Cu(I) (black); 50 uM H25B:Cu(Il) (red); S0 uM Y 151B:Cu(II) (purple) and
200 pM muGFP:Cu(II) (orange). The cyan trace is the sum of the Y151B:Cu(II) and H25B:Cu(II)
spectra. The six line Mn(II) spectrum centered at 3.36 T arises from the microwave cavity and
provided a convenient magnet-field and amplitude standard. (B) The difference (blue) of the
Y151B:Cu(Il) spectrum (purple) and a scaled +10 G shifted H25B:Cu(Il) (red) spectrum that
revealed a second component of the Y151B:Cu(Il) spectrum that was 0.7 of the integrated
intensity. A spectrum of 500 pM 2,2'-bipyridine:Cu(II) (green) is also shown for comparison. The
principal g-values of the BypA:Cu(Il) centers are shown in the same colors as their spectra. The
g, values were obtained from the 9 GHz spectra shown in the Figure S1. (C) The models of the
muGFP BypA:Cu(Il) centers and their DFT calculated Cu(Il) g-tensors: the simple (Cu[(2,2'-
bipyridine)(H,0),])? (top), NGB:Cu(Il) model based on the protein sequence (middle) and a model
based on molecular dynamics calculations (bottom) in which asparagine-198 donates an axial

ligand.

Figure 3 shows 94 GHz field-swept echo-detected EPR spectra of the H25B:Cu(Il),

Y 151B:Cu(ll) and H25B:Cu(II)/Y151B:Cu(Il) proteins. The three turning points in each spectra



correspond to the three Cu(Il) principal g-values (g.,.= hv/(YB.,.) and g, = g,> g.). The hyperfine
structure seen in the conventional 9 GHz EPR spectra (Figure S1) was not resolved. The effects of
g-straining or distribution in g-values appeared to be particularly strong in the g, region. The
spectrum of H25B:Cu(11)/Y151B:Cu(Il) was reproduced by the sum of those of H25B:Cu(Il) and
Y 151B:Cu(ll) (Figure 3A and S1A). The H25B:Cu(Il) spectrum was axial, with principal g-values
of 2.270,2.062 and 2.062, indicative of a square-planar Cu(Il) centers.?*° Y151B:Cu(II) could be
decomposed into an axial H25B:Cu(Il)-like (30% of the total intensity) component and another
(70%) that was anisotropic with principal g-values of 2.242,2.091 and 2.036. The Y151B:Cu(II)
shown in Figures 3A and B were representative. The actual compositions varied from sample to
sample. The g, value of 2.24 with an effective $¥Cu hyperfine coupling (IA.4) of 440 MHz
(1470%10* cm™) (Figure 3B and S1B), compared to 540 MHz for H25B:Cu(Il)) appeared to be an
unusual combination, not corresponding to any of the previously values measured for Cu(Il)
complexes of bipyridine.*! This suggested that the metal ligand sphere of the BypA:Cu(Il) label
was modified by its interactions with the protein. The sample-to-sample variation in the two
components indicated that these interactions were likely to be weak.

We calculated the principal g-values of (Cu[(2,2’-bipyridine)(H,O),])** (see Supporting
Information). These qualitatively agreed with the measured values for 2,2’-bipyridine:Cu(Il) and
H25B:Cu(Il) (Figure 3C). The g-values of a Cu(Il) ion bound to the N4V ,5Bs; region as shown
in Figure 3C exhibited an anisotropy similar to that of the anisotropic Y151B:Cu(Il) component.
Molecular dynamics (MD) calculations indicated that asparagine-198 could also bind to the Cu(II)
ion. The calculated g-values of this arrangement were only negligibly different (see Supporting

Information). These calculations provided support that Y151B:Cu(Il) had a square pyramid



structure involving protein interaction. Further studies are in progress to ascertain experimental
evidence.

The unlabeled muGFP also possessed a copper-binding site. In the presence of 1 equivalent of
Cu(II), it had an axial EPR spectrum (orange trace, Figure 3A) that was distinct from those of the
BypA:Cu(II). “N ELDOR-NMR spectroscopy showed that this binding site had at least one
histidine (see Figure S3 and Supporting Information). In brief, we observed a distinct 2 MHz split
doublet in N ELDOR-NMR spectrum of the this native Cu(Il) site that is consistent with the
hyperfine interaction of Cu(II) with the distal ring nitrogen of a histidine ligand that is not observed
for the BypA:Cu(Il) centers. This along with the optical data indicated that the BypA sites
outcompeted this native site for Cu(Il) and the latter did not interfere with the BypA:Cu(Il)-based
measurements.

Figure 4A shows the 94 GHz Cu(Il) RIDME traces from 1 pL. samples of single and doubly
BypA:Cu(Il) labeled muGFP variants as well as muGFP:Cu(ll) itself. The time trace of the 50 uM
H25B:Cu(II)/Y151B:Cu(Il) doubly labeled variant exhibit strong dipolar modulation with a 50%
modulation-depth and was obtained in less than 4 h. Even after a 10-fold dilution, analyzable
dipolar modulations were readily detectable (< 8 h). These RIDME dipolar modulations build-up
during the mixing time interval in the pulse sequence during which the detected spins experience
a change in their local magnetic field caused by the longitudinal relaxation of the spins to which
they are coupled. For the simple case where the relaxation is exponential with time constant 7,

the modulation-depth is given by

A= %(1 — exp (%’:”‘)) Eq.1

where Q., has been include to account for the possibility that not all detected Cu(II) experience a

dipolar interaction with another Cu(II).*? For the H25B:Cu(II)/Y 151B:Cu(Il) variant, Q. is unity.
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The T, were essentially the same for all cases (Figure S2). The RIDME traces shown in Figure 4
were obtained with a 32 ps mixing time or approximately1.5 7. This mixing time was a reasonable
balance between good modulation depths, which increases with the mixing time, and significant
loss in signal-to-noise which invariably occurs with increasing mixing time.*® The 30 K
temperature was a compromise between short 7 allowing fast shot-repetition times (153 ps) for
efficient signal averaging and sufficiently long phase memory times to insure the 3 us RIDME
measurement window. Evidently, these compromises did not significantly affect the quality of the

measurement.
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Figure 4. (A) 94 GHz Cu(l) RIDME traces of 50 (orange) and 5 pM (blue)
H25B:Cu(II)/Y 151B:Cu(II); 250 (green) and 50 uM (brown) Y 151B:Cu(Il); 200uM H25B:Cu(II)
(red); and 200 pM Cu(Il) added to 200 uM muGFP (cyan). The traces were obtained at the
maximum of the corresponding field-swept echo-detected spectrum. (B) The Fourier transforms
of each RIDME trace after subtraction of stretch exponential fits of their backgrounds. The black
traces are the calculated dipolar spectrum of two Y2-spin separated by the distances indicated. (C)
The modified-Tikhonov distance distribution of the RIDME traces. Fits (thin black lines) using

the same background fits are superimposed in panel A and the horizontal gray traces are the
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differences between the modified-Tikhonov fits and measurements scaled by a factor of 5, except

for 5 uM H25B:Cu(Il)/Y 151B:Cu(1l) which has been scaled by 2.5.

Intrinsic to these RIDME measurements, where only a small fraction of the Cu(Il) spins are
excited and detected, is the possibility of orientation selection. This is because each position in the
Cu(Il) EPR spectra arises from a unique set of orientations of each BpyA:Cu(Il) with respect to
the magnetic field. In such cases, the orientation dependence of the dipolar interaction may not be
sufficiently sampled to reliably extract the distance between the Cu(Il) centers. The use of high
magnetic-fields potentially exacerbates this problem since a smaller set of Cu(Il) are excited and
detected. However as further discussed in the Supporting Information, this did not seem to be a
significant problem presumably due to the rotational flexibility afforded by the two Cg bonds that
link the BypA:Cu(Il) label to protein backbone. MD calculation based on the muGFP crystal
structure were used to ascertain the conformational space spanned by a BpyA:Cu(II) label. In these
MD simulations, the label was modeled as [Cu(BpyA)(H20).]** and the less bulky [Cu(BpyA)]**
(see Supporting Information for details). As expected, the simulations showed that the
[Cu(BpyA)]*>" was less sterically constrained, with FCa—Cu(II) (the vector connecting the Cu(II) to
C. of the same residue) spanning a wider angular space than the hydrated complex (Figure 5A).
Both forms of the BpyA:Cu(Il) spin-label were spatially very compact. The conformational space
spanned by the Cu(Il) atom was similar in size to that of a phenoxyl oxygen atom of a tyrosine
amino-acid (Figure 5A). In spite of this compactness, the interatomic FN—Cu(II) vector subtended a
large portion of an octant of a sphere (Figure S5). It is likely that due to the distributed nature of
the Cu(Il) Zeeman interaction this coverage was even greater than predicted by the MD

simulations. This meant that the RIDME measurements likely sampled a large range of the
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orientation dependence of dipolar interactions resulting in the lack of any significant orientation
selection effects in the measurements (see Supporting Information).

The dipolar spectra of the BypA:Cu(Il) labeled variants were obtained by Fourier transforming
(FT) their RIDME traces (Figure 4B). Superimposed on the FT of the H25B:Cu(Il)/Y 151B:Cu(II)
variant RIDME time trace are three calculated dipolar spectra (Pake patterns) corresponding to
Cu(II)-Cu(II) distances 0f 4.2, 3.0, and 2.4 nm. The dipolar spectra of all three BypA:Cu(Il) labeled
variants appeared to have similar components. The FT do not allow for complete quantitative
analyses of the dipolar interactions. The most common approach is based on Tikhonov
regularization. Rather than the conventional approach where the background is fitted and then
subtracted or, more properly, divided from the measured traces, we implemented and use the
approach of Fabregas Ibafiez and Jeschke** which incorporates the background directly into the
Tikhonov regularization, specifically the modified K.z kernel, the details for which are found in
their publication and which hereon will be referred to as the modified-Tikhonov calculation. A
single stretch exponential model of the background of the RIDME time traces (Table S2) yielded
the better fits and more stable solutions than polynominals.*~¢ The modified-Tikhonov fit of these
traces are shown in Figure 4 and conventional Tikhonov regularization in Figure S6. For
simplicity, a brute-force grid search that scanned the zero time-point, the region used to fit the
stretch background and regularization parameter was used. For each zero time-point and fitting
region, a stretch exponential was fit to the data which along with the chosen regularization
parameter were then used for the modified-Tikhonov calculation. Shown in Figures 4C are the fits
with the smallest RMS deviation from the measured data. The regularization parameters were
typically 10 and corresponded to the corner of the 1-curve. The numerical “noise” can be significant

when the background is simply divided adversely affecting the analysis. This was much less
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evident with the modified-Tikhonov approach. Otherwise, as seen on Figure 4A the fits were free
of systematic deviations.

The distance distributions returned by the modified-Tikhonov regularization (Figure 4C) were
consistent with what we had qualitatively surmised from the Fourier transforms. The doubly and
singly labeled variants had Cu-to-Cu distances corresponding approximately 2.5, 3.5 and 4 nm. In
nearly all cases, there were low probability distances above 6 nm. However, these were not stable
with respect to the scanned parameters. The presence of this feature likely arose from the
inadequacies of modeling the background as a single stretch exponential.’” Moreover, the 3 ps
dipolar evolution time was insufficiently long to make this feature reliable. The
H25B:Cu(I)/Y151B:Cu(Il) 3.9 nm distance was the expected distance based on the separation of
H25 and Y151 in the muGFP crystal structure (Figure 5B). Since the hyperfine and optical
measurements precluded the presence of Cu(Il) bond to sites other than a BpyA, the simplest
explanation for the 2.5 and 3.5 nm H25B:Cu(Il)/Y151B:Cu(Il) features, as well as the RIDME
modulations of the singly label variants, was the presence of significant concentrations of dimers.
The Y 151B:Cu(Il) variant exhibited a drop in modulation depth from 20% to 8% with a decrease
in protein concentration (Figure 4A), consistent with a shift in the monomer-dimer equilibrium
favoring monomers. Nonetheless, dimers were present even at 50 uM, in contrast to previous
observations that muGFP is predominately monomeric below 360 uM 2. One would have also
expected the background of the more concentrated sample to decay significantly faster since it
results from a greater number of non-specific dipolar interactions between Cu(Il) ions.*® However,
only a small increase was observed (Table S2). This may have in part been due to compensating
changes in the mono-dimer equilibrium. Further study is required. The 2.6 and 3.8 nm distances

found for the Y151B variant suggested the presence of two different quaternary structures.

14



C | H25B:Cu(ll)/Y151B:Cu(ll) :
T425B:Cu-Y151B:Cu | o= usGFP
’ - = muGFP
. =3 AlphaFold2

- — RIDME

Y151B:Cu(ll)

Iv151B:Cu- Y151B":Cu

2
3 o 5
B ; %Qf HosB™ S
- o
| H25B:Cu(ll)
2% & | MzsB:Cu-He5B"Cu : : :
8 : ' f : :
/ %] i '
gy : ' ' f f :
5 g ) /\—&\ y N
( - - muGFP:Cu(ll) 5 : :

M77:cu-H77":Cu

Y151B H77 N

Distance [nm]

Figure 5. MD simulations: (A) The positions spanned by the phenoxyl oxygen (pink spheres) of
Y151 (outlined in light blue) and the Cu(Il) ion of [Cu(Il)BpyA(H,O),]** (red spheres) and
[Cu(I)BpyA]* (orange spheres) models of the sidechain of Y151B:Cu(Il) (outlined in green and
blue). (B) Structural model of H25B/Y151B with the relevant distances indicated based on the
dimeric usGFP structure. (C) The MD distance profiles for monomeric rusp:cy.yisis:.co and dimeric
TY151B:Cu-Y151B":Cus F'H25B:Cu-H258":Cu AN T'n77:cu-n77-.cu Dased on the usGFP (red shaded) and muGFP (green
shaded) crystal structures and an AlphaFold2 structure (blue shaded). The black traces show the
corresponding RIDME results. All distance profiles have been normalized to their total
probabilities. The grey shaded regions indicate distances arising consistent with the usGFP

quaternary structure.
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MD simulations were used to develop models of the spin-labeled muGFP dimers. Three different
quaternary arrangements of the muGFP variants were considered: the crystallographic form of
muGFP (PDB code: 5JZL) in which the -barrels of the two monomers present in the asymmetric
unit are anti-parallel; the crystallographic structure of the dimeric parent usGFP (PDB code: 5JZK)
in which the B-barrels are nearly perpendicular; and an AlphaFold2%+# model in which they are
parallel (Figure S7 and Supporting Information). In these structures there was a histidine rich
region centered around H77 (H77, H81, H199, and H231' of the other neighboring monomer in
the usGFP model) that was an attractive candidate for the Cu(Il) binding site in the unlabeled
muGFP. Figure 5C shows the MD distance distribution for the dimeric 7177.cu-n77.cu for the three
different models. Unlike the others, the usGFP-based distance profile had approximately the same
center as the measured by RIDME. The narrower MD distribution likely reflected the omission of
the different binding configurations that involve the other histidines present in this region. Their
inclusion would presumably increase the breadth of the distance distribution.

The MD profile for 7u2sB.cuan-vis18:cuar) for the H25B:Cu(I)/Y 151B:Cu(Il) variant matched the
prominent 3.9 nm feature in measured distance distribution independently of the quaternary model
(Figure 5C). The smaller 2.4 nm feature of this variant had similar counterpart in the distance
distribution of the singly labeled Y151B:Cu(Il) variant (grey shaded region in Figure 5C). These
coincided with the MD profile of ryisiB.cuan-vi518:.cuary based on the usGFP. The 1 to 3.5 nm
portion of the H77-H77' distance profile of the unlabeled muGFP is also consistent with the usGFP
quaternary structure. In contrast the 3.7 nm ry1518:.cuan-v1518~cuary profile matched the antiparallel
structure of muGFP. The MD ru2sp.cu-n258’ profile for the of H25B:Cu(II) variant based on usGFP
and muGFP structures did not agree with the experimental data. The AlphaFold2 model-based

distance profile could account for the longer half of the experimentally observed bimodal
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distribution that had maxima at 2.5 and 4.7 nm (Figure 5C). This suggested the possibility that in
this variant some of the dimers had monomers in a parallel configuration.

The comparison of RIDME measurements and MD simulations indicated that different
quaternary conformations are taken by the muGFP variants. This is not surprising since a single
point-mutation can alter the GFP monomer/dimer equilibrium and modify the dimeric
structure.*'#? Given this sensitivity, we cannot exclude the possibility that the BypA mutation or
the Cu(Il) influences the monomer/dimer equilibrium. However, we do know that for the BypA
variants, no BypA:Cu(Il):BypA centers that bridge the muGFP monomers were present.** The
titration experiments showed a nearly stochiometric Cu(Il) to BpyA ratio excluding the presence
of significant quantities of [BpyA2Cu]*" and [BpyA3Cu]*" complexes and any Cu(IT) bond to other
places in the protein. The crystal structures and MD calculations did not reveal any other
sufficiently close candidate ligands, in particular glutamates and aspartates, that could form
[Cu(BpyA)X]'" and bridged the two monomers. In the unlabeled variant, one of the histidines
around H77 does come from the neighboring monomer in the usGFP model; hence, Cu(Il) may
have promoted dimer formation in this case.*

The binding of Cu(Il) to unintended sites in the protein is a common issue of Cu(Il)-based spin
labels.!?!* Based on our results, it is likely that BpyA is capable of outcompeting most forms of
unintended Cu(Il) binding site(s) such as those formed by multiple histidines. Moreover,
overloading of the BypA sites can be quantitatively avoided using simple optical spectroscopy.
The genetic incorporation of metal-chelating amino acids appears to provide excellent
opportunities for novel spin-labels with ideal properties. Here we demonstrated this using
BpyA:Cu(Il), but other metals, notably Co(Il), will also work as spin-labels. BpyA:Cu(Il) is

chemical stable and structurally compact. MD simulation showed that it does not occupy much
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larger space than a tyrosine. Yet, it is sufficiently rotationally flexible that orientation selection
does not appear to affect distance measurement. The compactness of the BpyA:Cu(II) label also
insures that its contribution to the uncertainty in the distance measurements is minimal. The use
of high microwave frequencies to perform Pulse Dipolar Spectroscopy measurements on these
centers is not an obvious choice since the width of the Cu(II) EPR spectrum range increase linearly
with frequency. In spite of this, we have shown that using 94 GHz RIDME it is possible to measure
with good accuracy the dipolar interaction between two labels even for protein concentrations as
low as 5 uM using only a 1 pL of sample. Here we demonstrated that the combination of the
paramagnetic non-conventional amino acid BpyA:Cu(Il) with high-frequency, high-magnetic-

field, EPR, resulted in a sensitive methodology for the study of the structure of proteins.
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