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Chapter |1

High-field (275 GHZz) spin-label EPR
for high-resolution polarity determination in

proteins



Abstract

The polarity of protein surfaces is one of the dastdriving protein-protein interactions. High-fiel
spin-label EPR at 95 GHz, i.e., a frequency 10 sirhagher than for conventional EPR, is an
upcoming technique to determine polarity parametéithe inside of proteins. Here we show that
by 275 GHz EPR even the small polarity differencéssites at the protein surface can be
discriminated. To do so, four single cysteine mategt were introduced at surface sites (positions
12, 27, 42 and 118pf azurin and spin labeled. By 275 GHz EPR in frozsolution,
polarity/proticity differences between all fouresthave been resolved, which is impossible by 95
GHz EPR. In addition, by 275 GHz EPR, two speat@hponents are observed for all mutants.
The difference between them corresponds to ondiadali hydrogen bond.

The results in this chapter have been published in:

Finiguerra M. G. , Blok H., Ubbink M., Huber M. Higfield (275 GHz) spin-label EPR for high-
resolution polarity determination in proteidsurnal of Magnetic Resonance 180, 187-202 (2006)
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Introduction

Protein-protein interactions are driven by thepeanties of the respective protein surfaces,
for example, the polarity of the surface. Therefarethods to determine the polarity of protein
surfaces experimentally are sought. Spin-labelhfig/d EPR has proven useful to determine
polarity parameters of the interior of proteins. d@ so, a spin label is placed at the position of
interest in the protein. The EPR parameters oEfhe label reflect the polarity and proticity ofth
environment of the spin label, where proticity refto the propensity of the protein environment to
donate hydrogen bonds. Placing the spin label Herdnt positions in the protein enables
determination of the protein polarity locally. Tdbtain sufficient spectral resolution, EPR
spectroscopy performed at high magnetic fields mimowave frequencies is advantageous. As an
example, by EPR performed at 3 T and 95 GHz (W-pahel., at 10 times higher fields and
frequencies than conventional 9 GHz (X-band) ER#tanty profiles of membrane proteins have
been determinédIn order to discriminate between positions ofikimpolarity, such as expected
for positions at the surface of the protein, itngportant to be able to perform EPR at even higher
magnetic fields and frequencies. Several 250 GHR BRidies have been reported for model
systems of biological membranes using spin-labifeds with the focus on dynamics rather than
polarity’. Experiments to determine polarity by EPR at fetdgher than 95 GHz on spin-labeled
proteins have only recently been performed, narbglEPR at 360 GHz (K. Mdbiug al., private

communication).

In the present study, spin
labels were introduced at positions
close to the surface of the protein by
spin label mutagenesisFour single
mutants of a protein of known

structure, azurin (Figure 2.1), were

prepared. To avoid interference from

!i/(f\ 7 the paramagnetic Cu(ll) of azurin, the
— )
i metal ion was replaced by zZn(ll), Zn-
Figure 2.1 Location of the mutated residues. Azurin is deguidh ] ) o )
surface representation (grey). The residues mutatéhs study are ~ azurin. To obtain sufficient resolution

shown as Cys residues, with the sulfur in orange. fight view is . . .
rotated by 90° around the vertical axis relativéhio left one. for the small differences in polarity

and proticity expected, we employed
an EPR spectrometer operating at 9 T and 275 Giar{df which is designed to provide the high
sensitivity needed for the study of biological séespThe data were compared with those obtained

using a commercial W-band EPR spectrometer.
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The EPR experiments reveal that even the smakrgiffces in polarity of these mutants
become detectable at 275 GHz. The most strikingltrés that in the spectra of all mutants two

spectral components are observed that can nosbéveel by W-band EPR.

Materials and methods

Four mutants of Zn-azurin (azurin with Cu(ll) rapéd by Zn(ll)) containing a surface
exposed cysteine residue have been prepared. Th@ hitart and the K27C and S118C mutants
were prepared as described in ref. 9, the preparaif the Q12C mutant will be described
elsewhere (S. Alagaratnam, unpublished results}. Arocedure for spin labeling these mutants is

also described in ref. 9.

Sample preparation and measurements

The concentration of the samples used was bet@&and 1.2 mM. The volume used for
W-band EPR measurement was about f(l8including 30% glycerol, and the sample was
introduced into a Wilmad suprasil quartz tube véthinner diameter (i.d.) of 0.60 mm and an outer
diameter (0.d.) of 0.84 mm, from Wilmad-Labglassi¢Ba, NJ, USA) sealed at one end. The W-
band measurements were performed at 40 K and thelsavas frozen directly by introduction into
the cryostat.

The volume used for J-band EPR measurement was abau including 50% glycerol. The
sample was measured in a locally made quartz aapiith i.d. of 0.15 mm and o.d. of 0.3 mm.
Measurements were performed at 100 K. The moduldtaruencies were 100 kHz (W-band) and
2 kHz (J-band); modulation amplitude: 0.5 mT (W-thaiand 1 mT (J-band); microwave (mw)
power: 8nW (W-band) andlO pW (J-band); total measurement time: 20 min (W-bard) 9 min
(K27 and Q12), respectively, 17 min (S118 and Ndz)and).

I nstrumentation
For W-band EPR experiments a Bruker Elexsys 680K& Biospin GmbH Rheinstetten,
Germany) spectrometer and for J-band EPR experimeefaboratory-designed spectrométeas

used.

Spectral simulations
The program used for simulations was SimFonia KBriBiospin, Rheinstetten). Errors of
parameters have been determined by changing eaame@r by the smallest possible amount that

produced a visible deterioration of the qualitytleé simulation with respect to the spectrum. For
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the unresolved hyperfine couplings, andAyy, in the simulation of the W- and J-band EPR spectr
the following values were used. Thg values were: Q12C 0.50 mT, K27C 0.50 mT, N42C 0.48
mT and S118 0.43 mT. Th&, values were: Q12C 0.50 mT, K27C and N42C 0.48 amt, S118
0.45 mT. The error iy andAyy is +0.03 mT, except fah of Q12C in J-band EPR, where it is
#0.05 mT. The simulation parameteks and A, depend on the component linewidth used in the
simulation, which was fixed at 0.82 mT for W-banunslations and at 1.6 mT for J-band
simulations.

The EPR parameters obtained from the J-band andMitend EPR spectra should be
identical. Nevertheless, thd, values obtained from J-band EPR were systematitaer (by
0.05 to 0.08 mT) than those from W-band EPR. Withgll) standard sample we observed a
deviation in the same direction, suggesting that dhlibration of the slope of the field sweep
(dB/dl, with B the static magnetic field, and lettmagnet current) of the J-band EPR magnet differs
from that of the W-band magnet. The differencehia slope calibration observed on the standard
sample corresponds to a correction of +0.024 mTheA,, values from J-band EPR. The same re-
calibration applied to the field separation betwewrg,, and theg.. (and theg,,) component results
in a correction by +4 x I0for g and by +3 x 10 for gy for the values from J-band EPR. The
parameters from J-band EPR in Table 2.1 are cedemtcordingly. Remaining differences in the
W-band and the J-band EPR parameters can be #dtiibal the differences in temperature, which
was 100 K in the J-band EPR and 40 K in the W-HaR& experiments, and in glycerol content,
i.e., 50% in J-band EPR and 30% in W-band EPR @xeats. We measured for two of the
mutants (K27C and S118C), that, at 100 K is smaller by ca. 0.03 mT than at 40 K.58%
glycerol content,A; is larger by ca. 0.06 mT than at 30%. Combininghbeffect, for the
measurement conditions in the J-band EPR expersnardifferences of +0.03 mT is expected for
Az compared tA, from W-band EPR. The differences in temperatuse akems to affect thgg«
values, since, at 100 K, the Q12C sample (50% glyamntent, measured by J-band EPR) had a
O« (av) value that was larger by 3 x1thang, (av) at 40 K.

Results
Mutants of azurin with spin labels at positions 22, 42, and 118 (Q12C, K27C, N42C, and
S118C) have been investigated. The EPR measuremergsperformed on frozen solutions of the

spin-labeled mutants using W-band and J-band EPR.
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In Figure 2.2, the EPR spectra at J-band of the Isiel in all four mutants of the Zn-azurin are
shown. The resonance field positions for

BIT],.s Bo along the nitroxidex-, y- andz-axes of
9.80 9.82 9.84 0.86 the g tensor are indicated. The W-band

EPR spectra of frozen solutions of all
l mutants were measured, and in Figure 2.2
one of these, the spectrum of S118C is
shown. Compared with the W-band
Q12C spectra, the J-band spectra have a higher
resolution. This can be seen by the larger
KO7C separation of the group of three lines that
are centered afj, and separated bf,
NA2C and the peak aty,. The overlap of the
lower field A, line with theg,, feature in
111 the W-band spectra causes an additional
S118C peak at the high field side of tlgy, band
(see S118 W-band EPR spectrum, Figure
2.2). That feature is difficult to simulate as

S$118 it depends on a combination of simulation

W-band parameters. Moreover, in the J-band
. .

3.34 3,I36 . 3.38 spectra, a splitting of the EPR signabgat
B [T] into two componentgy (1) (the largerg-
ol " dW-band

value that appears at lower field) agg

Figure 2.2 J-band EPR spectra of azurin mutants and W-ba
spectra of S118 mutant at 40K (W-band) and 100Kafid).
Arrows at g, gy and g,: resonance for magnetic field along thehigher field), becomes visible. This
g-tensor x-, y-, and z-axes.;A nitrogen hyperfine coupling

along z-direction. Simulation for all spectra atewn (dotted splitting is most clearly seen in the
lines).

Tﬂ) (the smallergy-value that appears at

spectrum of the S118C mutant, Figure 2.2.
To analyze this spitting, the J-band EPR spectree wanulated with two spectral components,
which differ only with respect to thgy values and the relative contribution of the commtaeo
the total spectra. The respective components aen asgx (1) and gy (1) in the Table 2.1. To
make sure that this splitting is not an artifagtidations of the W-band spectra were performed
using the two components obtained from J-band EPR.
These simulations agreed with the experimentaltspeconfirming that the difference between the

O (1) andgx (1) values is too small to be resolved by W-barRRE
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Due to the higher resolution of J-band EPR, thersrin the simulation parameters at J-band
are overall smaller than those at W-band. Pattig, it due to the larger separation of the indialdu
components of the spectra. Furthermore, a frequattiem in the W-band EPR spectra of protein
samples are signals of Mn(Il) impurities. The sigofthese impurities overlaps the lines of the
spin-label spectra in W-band EPR, thus increasive éxperimental errors in determining the
position of these lines. This was the case foMhband EPR spectra of the K27C mutant. In the J-
band EPR spectra, the signal of the Mn(Il) impudbes not overlap with the spectrum of the spin

label, resulting in smaller errors.

Table 2.1 g and hyperfine tensor parameters of azurin msifaain W-band (95 GHz) and J-band (275 GHhz)

EPR
M band @® @ O« resp. © A"
utant an O () Gu(I1) Go(av)® Oyy Oz mT
quc | W n.a® n.a. 2.00775 2.00574 3.77
J 2.00795(20%) 2.00765 2.00771 2.00567 3.75
e | W n.a. n.a. 2.00788 2.00583 3.73
J 2.00806(30%) 2.00769 2.00780 2.00578 , 10100 3.73
nazc | W n.a. n.a. 2.00783 2.00579| < 3.77
J 2.00803(35%) 2.00773 2.00783 2.00574 3.75
sisc | W n.a. n.a. 2.00794 2.00585 3.70
J 2.00811(55%) 2.00771 2.00793 2.00576 3.67

For comparison, all g-values are adjusted {p=92.00198. No calibration of absolute g values was
performed. Errors of g values are given with respethe relative magnitude of,cand gy vs. g
Error: + 1-1¢F. In bracket: percentage of contribution of species

. g«(av): weighted average of g valugg(t) and g(ll) from J-band; errors: + 2.10 For Q12, error:
+4-10°.
gy principal value of g-tensor from W-band: only azemponent used in the simulations; error: + 2:10
For K27C, error: + 6-1Bdue to the presence of Mn(ll) impurity in the saenpl

Error: W-band + 6-18 J-band + 3-18

Error: £ 0.025 mT for W and J-band spectra excepdfband: K27: £ 0.03 mT. J-band values:
0.045 mT added to account for different magnetf@beep calibrations (see text)

n.a.: not applicable

From J-band EPR, the order of @ values, i.e. the weighted averagg(av) of g« (1) and
Ox (I) of the four mutants is S118C > K2AN42C > Q12C. The error of the determinatiorggf
from the W-band spectra was too large to deterrtfia¢ order. TheA, parameters of the four
mutants are very similar. The largeat, values are found for Q12C and N42C. They are
significantly larger than the value for S118C. Thg value of K27C agrees within experimental
error with those of the three other mutants, nlotwahg to place thé, value of this mutant relative
to the other mutants.

A plot of A vs. g illustrates the polarity/proticity properties (Big 2.3), where proticity
refers to the propensity of the protein environmntdonate hydrogen bonds. The squares are
values of the spin label MTSL in different solvefism Oweniuset al.°. The dots are the J-band

EPR data obtained on the Zn-azurin mutants.
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Shown are the values

2.0088
of g« (av) for all mutants, and
2.0086-] for S118C and Q12C also the
20084 values of g« (I) and g« (II).
The mutants are located in a
% 20082+ region of the plot where the
(=]
20080 more protic, polar solvents are
found (see Discussion).
2.0078 %
Q Q12
2.0076 1— . . T T - T T T
3.3 34 3.5 3.6 3.7 3.8

A [mT]

Figure 2.3 Plot of g, vs. A,, of spin labels in Zn-azurin. Dotg;y(av) from J-
band EPR, triangleg)«(1), crossesgy(ll) of S118C and Q12C. For reference
the values of MTSL in different solvents are shoffiied squares, aprotic;
open square, protic solvents). Dotted line: Lineamrelation ofg,y vs. A,, for
non-hydrogen bonding solvents; solid line, linearrelation for hydrogen
bonding solveni®. Figure modified from re’.

Discussion

Spin labels at four surface sites in Zn-azurin iaxestigated. The higher resolution of J-
band EPR reveals the presence of two spectral coamp®, not previously resolved in W-band EPR
spectra of spin-labeled proteins. The signal-ts@aatio of the J-band EPR spectra shows that the
sensitivity of this new EPR spectrometer is suffitito measure biological samples with realistic
concentrations, i.e. around 0.5 mM. Remarkablbesvery modest volume required for the sample
(see Materials and methods), resulting in a tatadant of protein needed of only 17 pmol.

The EPR signals can be simulated with regular polwde shapes, revealing the absence of
spectral distortions due to dispersion admixturhictv is a frequent problem in high-field EPR.
Thus, reliable g- and hyperfine tensor parameter®wbtained. The EPR results from W-band and
J-band EPR are overall consistent (see Table ZHg.remaining differences between the EPR
parameters of the individual mutants derived frorrb&vid and J-band EPR are attributed to the
differences in measurement temperature and glycerdknt in the two experiments (see Materials
and methods). The J-band EPR spectra were simulatkeda larger component linewidth, 1.6 mT,
compared to 0.82 mT for the W-band EPR spectraicatidg that in addition to unresolved
hyperfine couplings, which do not depend on fieldtrgin and other inhomogeneities start to play a
role at J-band.
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The absence of spectral overlap in the J-band EfeRtra permits determination of the g-
values with higher precision, enabling us to eshhthe order of the mutants with respecttg
which is impossible by W-band EPR.

Two components of the spin-label spectra that diffgh respect to theig, values can be
resolved by J-band EPR. They are separatetijgy= 4 x 10* (gu(l) - g(I1)), corresponding to 1.7
mT at that field. In W-band EPR, the saim, amounts to a splitting 6f0.6 mT. As shown by the
simulation of the W-band EPR spectra with two conmgs (see Results) this separation is not
large enough to resolve the two components. Preljipseparations as small as 2 X*1@ere
resolved by W-band EPR, albeit in systems wheretspavith significantly better signal-to-noise
ratio could be obtained. One example was the iigatiin of MTSL in different solvents At
small values ofAgy in W-band EPR, the second component appears laguidsr at the low field
edge of the spectrum, which cannot be distinguishegpectra of lower signal-to-noise ratio, such
as the typical spin-labeled protein.

For the interpretation of the differences in theREfarameters obtained for the different mutants, a
plot of g« vs. Az is shown in Figure 2.3. Such plots serve to itlist polarity/proticity profiles, as
Ox iS most sensitive to differences in proticity, ahgdto differences in polarity. In Figure 2.3 the
data points obtained for the four mutants are coatpwith the parameters of MTSL in a series of
solvent§. Unpolar/aprotic solvents are characterized byhhig/low A, values, polar/protic
solvents by lowg/high A, values. Linear correlations &, vs. g« for the data obtained in
different solvents are shown. The dotted line gpoads to aprotic, the solid line to protic solgent

In this plot, the spin labels of Zn-azurin are hechin a region close to the polar and hydrogen-
bond-forming solvents. This agrees with the locatid the spin labels close to the surface of the
protein. According to the differences in polaritgfpcity observed, the spin label in the S118C
mutant is in the most apolar/aprotic environmeet, $118 is the most buried residue, whereas Q12
and N42 are the most solvent exposed residues. Xfitag structure of azurfh reveals that all
residues are close to the surface. The difficudtylimerize S118C-azurin has been interpreted as
evidence for a low solvent accessibility of S118so, mobility studies performed by W-band EPR
reveal a significantly reduced mobility for S1£8Csuggesting that S118 is more buried than the
other residues. Interestingly, the mobility of thgin label attached to Q12C is lower than that
attached to K278, whereas the present study reveals a more apmiatita i.e. more buried
environment for K27C. This could suggest that the dabel attached to K27C is in a protein
pocket that is shielded from outside water, bujdagnough to allow motion of the spin label. That
proposition could be tested by molecular dynamicaikations, for example, but in the absence of

those, any structural model has to remain speoulati
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The higher resolving power of J-band compared tbafted EPR enables the differentiation
of even more subtle differences in proticity. Iveals that each spin-label position in Zn-azurin
results in two components in the J-band EPR spéctrdigure 2.2), which differ with respect to
the gy parameters. The spin label at position S118 pessdbe largesi« (1) value and the largest
relative contribution of that form, whereas in thmutant Q12C this component has a small
contribution to the spectra. The mutants K27C ad@@ are intermediate. For the K27C and the
N42C mutants, the set of simulation parametersngimethe table, i.e. the values gk (I) and gy
(I and the respective spectral contributiong)ds unique because of the strong interdependence of
these parameters in the simulations.

We propose that the two spectral components aretaldiee spin label being exposed to
slightly different micro-environments in the prateiGiven that only they, and not the?, lines
show two components, the two spectral componengatethat the spin-label environment
corresponding to these components differs most repect to the proticity and not the polarity of
the protein. The magnitude of the splittinggg) can be compared with models for the influence of
hydrogen bonding and polarity on the spin labebpater§*''? These studies suggest, that the
value of Agx observed corresponds to one hydrogen bond (4*¢or a positive charge in the
vicinity of the N-O-group of the spin ladé&l This would indicate that, in S118C, for one
componentgy (1), the nitroxide group of the spin label is shiedl from hydrogen bond donors,
whereas for the other componegy (1), it is exposed to a molecule or a group than clonate a
hydrogen bond, such as a water molecule or an amniioh residue. For the other mutants, the
weight of the componenj (1) decreases, as evidenced by the smaller pegenfathe component
with gy (1).

The nitroxide group can be exposed to differenttgino environments, if the linker
connecting the spin label to the protein backboag different conformations (rotamers), as has
been proposed before. The X-ray structure of alsialed proteilt revealed different rotamers of
the spin-label linker. The study [12] suggested tha two spectral components of these spin labels
observed in EPR mobility studies were due to tlegsaps of rotamers. We therefore propose that
the two spectral components observed by J-band déiri@spond to different rotamers of the spin-
label linker, which cause the spin label nitroxigeoup to have different hydrogen-bonding
environments.

The present study reveals that small polarity/prytidifferences can be resolved by high-
field EPR. By increasing the field to 9 T in theveb 275 GHz spectrometer, two spectral
components were observed that were previously esblved in spin-labeled proteins. By

comparing mobility studié& with the present investigation, subtle differenirethe location of the
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spin label can be resolved that will enable us atibrate the result of molecular dynamics

simulations and polarity calculations to be perfedin the future.
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