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Electrostatic interactions and hydrogen bonding play fundamental plots obtained from high-field (HF) EPR at 95 GHz (W-band), thus
roles in virtually all aspects of protein structure and function. eliminating the need for additional control EPR experiments.
Solvent polarity and the presence of localized charges affect protein  High specificity of covalent attachment of a pH-sensitive
stability. Some biochemical reactions, such as self-cleavage of viral imidazolidine nitroxide to thiols was achieved by synthesizing the
ribozymes, are proposed to occur at the active site through a generaMTS derivative, IMTSL, methanethiosulfonic acig-(1-oxyl-
acid mechanism and are affected i, walues of the side chains  2,2,3,5,5-pentamethyl-imidazolidin-4-ylmethyl) ester. Scheme 1 and
involved?! In addition, specific protein conformations including the Supporting Information describe the synthesis.
refolding on membrane interfaces and insertion into phospholipid  To calibrategis, and Aiso of IMTSL for pH dependence a series
bilayers could be triggered by pH. of room-temperature W-band EPR spectra of aqueous solutions of

While in some cases local electrostatics and residue-spekific p  the free label and the label attached to a cysteine (IMTSL-cys) and
values of proteins could be assessed by steady-state and timeglutathione (IMTSL-glu) were measured as a function of pH. At
resolved fluorescenéeor high-resolution NMR, these methods intermediate pH the W-band EPR spectra of these compounds
have several shortcomings especially when applied to membraneconsisted of two partially resolved nitroxide components (not
proteins. For example, labeling with fluorescence pH indicators shown) characteristic of slow exchange conditions. The spectra were
could affect the fine balance of molecular interactions of proteins simulated with least-squares program described edflidihe
with the bilayer, while NMR spectra of large proteins are often Ao titration data and corresponding least-squares Henderson
resolution limited. Hasselbalch titration curves are shown in Figure 1.

Local electric fields and hydrogen bonding can also be observed The EPR titration curves in Figure 1 show that for all compounds
from changes in nitroxide EPR spect@in application to proteins ~ studiedAis, undergoes large>(1.3 G) changes upon protonation
the EPR method is based on site-specific incorporation of a nitroxide of the tertiary amine nitrogen N3. Also, th&gs of IMTSL-cys
side chain which reports on local structure and dynamics since its and IMTSL-glu were respectively shifted to more badig = 3.21
EPR spectrum is sensitive to local protein motion and -spjin + 0.04 and 3.15t 0.03 from that of the free label (1.58 0.03
interactions. The chain has a relatively small molecular volume units) while Aso(base) and\sq(acid) were not affected. It is likely
comparable to that of phenylalanirend, as such, represents mini- that after the labeling the electronegativity of the side chain is
mal perturbation to the protein structdr@o date, almost all site- reduced. Since the side chain is closer to N3 than to the nitroxide
directed spin-labeling (SDSL) EPR studies have been carried out moiety, this decrease in the electronegativity shifts the K3tp
with methanethiosulfonic aci®(1-oxyl-2,2,5,5-tetramethyl-2,5-  more basic values without any measurable effects on the unpaired
dihydro-1H-pyrrol-3-ylmethyl) ester (MTSL) which has methane-  €lectron spin density. Thus, for these small spin-labeled peptides
thiosulfonate (MTS) thiol-specific attachment group. While MTSL  that are not expected to acquire any globular structure it was ob-
has been proven to be a very useful probe, it cannot be used forserved that the presence of other ionizable groups in the side chain
local pH determination because it&dies outside the useful range.  have no effects on the IMTSL EPR spectra, which showed only one

Here we describe a more general approach to mapping légal p  transition caused by proton exchange reaction at the N3 position.
values of peptides with high-field EPR using MTS derivatives of ~ T0 elucidate solvent effects on IMTSL W-band EPR spectra, a
imidazolidine nitroxides. Imidazolineas well as imidazolidine ~ Series of measurements in protic and aprotic solvents were carried
nitroxides containing a basic function in the heterocyaee out. The data, summarized in Figure 2 iy versusAi, plots,
considered to be the most suitable for biophysical applications Suggest a linear correlation. Although previously two different
because of tunableKa range, reversible pH effects, and high (linear) correlationsys, versusAs, were reported for protic and
sensitivity of the EPR spectrum to pH chan§e¥. While the use aprotic solutions of dtert-butyl nitroxide!® recent W-band data
of imidazolidine nitroxides in studies of surface potentials and for 2.2,6,6-tetramethylpiperidin-1-oxyl suggested the sagre
polarity of phospholipid bilayers and human serum albumin has versusAis, linear correlation regardless the type of the solvént.
been described in the pdéti3the covalent attachment employed ~ One interesting question is whethgg, and As, for titration
in those studies was not fully specific. Moreover, previous studies CUrves would fall on the same correlation plot. Figure 2 shows that
of local pk, by EPR were based solely on measurements of isotropic &t PH values below the N3y the magnetic parametegs, and
nitrogen hyperfine constarts,, which could be affected by experi- Aiso Clearly fall below the correlation line. We speculate that this
mental conditions other than proton exchange reactions. One suctfviation is related to the effect of an asymmetric charge located
factor is the solvent polarity. Here we report on differentiating polar- Cchiefly on N3 onto the oxygen lone-pair orbital of the reporter

ity and proton exchange effects by usifig, versusgso correlation nitroxide moiety. As one wogld expect, an acidic _form gf IMTSL
would have a somewhat different charge configuration of the

 North Carolina State University. nitroxide moiety that cannot be mlmlc_:ked by a symmetrlp rear-
* Novosibirsk Institute of Organic Chemistry. rangement of the solvent molecules with respect to the axis of the
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Figure 1. WeightedAis, for two-component W-band (95 GHz) EPR spectra
as a function of pH and corresponding HendersHasselbalch titration
curves (shown as lines)dj IMTSL; (M) IMTSL-glutathione; @) IMTSL-
P11 (all titration curves - solid lines)Q) IMTSL-cysteine (titration curve
- dashed line).
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Figure 2. |sotropic magnetic parametegis, andAis, from solution W-band
EPR spectra.[{) Basic form of IMTSL in 1 (toluene); 2 (acetonitrile); 3
(acetone); 4 (2-propanol); 5 (ethanol); 6 (water/ethanol, 3:7, v/v); and 7
(water/ethanol, 7:3, v/v); 8 (water buffered to pH 6.0). Titration parameters
for: IMTSL (O) and IMTSL-P11 ).

N—O bond occurring in solvents with different polarity. This would
result in different correlations betweg, andAis, that we observed
for acidic and basic forms of IMTSL. This difference could be very

useful for determining whether the changes in EPR spectra are

caused by N3 protonation or by local polarity effects. It is
worthwhile to note here that the accurgtéactors provided by HF
EPR are essential for an unambiguous assignment.

To illustrate utility of IMTSL and HF EPR in site-directep

measurements, we have selectively labeled the thiol group of a

synthetic P11 peptide fragment of the laminin B1 chain (Cys-Asp-
Pro-Gly-Tyr-lle-Gly-Ser-Arg). Previous studies have shown that
this laminin fragment could inhibit lung tumor colony formation

by blocking tumor cell invasion through basement membrahes.
W-band titration experiments with IMTSL-P11 have shown that

pH = 2.0 A, was essentially equal to th&g,(acid) value for
IMTSL (Figure 1). Because at acidic pH one could expect a change
in the peptide conformation, only the data from ptB to pH=6
were fitted to the HenderserHasselbalch equation (Figure 1, solid
line). Figure 1 demonstrates that for IMTSL-P1{p= 2.5+ 0.1

is less than that of either IMTSL-glu or IMTSL-cysKp~ 3.18).

It seems possible that local polarity effects arising from the
peptide backbone could also explain thg value observed in our
experiments. For example, if the nitroxide ring aligns with a
tyrosine, this would decrease the nitroxide local polarity and cause
Aiso to decrease. To rule out this possibility, we have analyzed the
correlation plot. Figure 2 shows thgk, versusAi, plot of the
magnetic parameters for IMTSL-P11 (filled squares) closely follows
the IMTSL titration curve that falls below the polarity calibration
line. Thus, we conclude that the observed chamggsndA;s, are
related to a proton exchange reaction of the nitroxide label but not
the local polarity changes.

While small spin-labeled peptides such as, e.g., IMTSL-glu, are
expected to be unfolded, a larger P11 peptide could adopt a folded
or a partially folded state through tertiary interactions. Specifically
for P11, an energy-optimized structure (not shown) places the
nitroxide ring in a close proximity to the carboxylic group of the
aspartic acid. Because thEgof that group of peptides ranges from
2.0 to 4.93 unitd®9it is feasible that the observed shift of the
IMTSL-P11 titration curve from that of IMTSL-glu reflects the
close proximity of the carboxylic group.
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