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Abstract

Phase memory relaxation timé€%,, or T,) of spin labels in human carbonic anhydras&€HICA 1) are reported.
Spin labels(N-(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolidinjibdoacetamide, IPSLwere introduced at cysteines, by site-
directed mutagenesis at seven different positions in the protein. By two pulse electron paramagnetic réE&Rnce
electron spin echo decays at 45 K are measured and fitted by stretched exponentials, resulting in relaxation parameters
T\ and x. Ty, values of seven positions are between L6 for the most buried residug.79C) and 4.7us for a
residue at the protein surfa€&/2450). In deuteriated buffer, longéh, are found for all but the most buried residues
(L79C and W97@, and electron spin echo envelop modulati®@BSEEM of deuterium nuclei is observed. Different
deuterium ESEEM patterns for W95C and W1@&Drface residueindicate differences in the local water concentration,
or accessibility, of the spin label by deuterium. We propfigeas a parameter to determine the spin label location in
proteins. Furthermore, these systems are interesting for studying the pertaining relaxation mech&tiemElsevier
Science B.V. All rights reserved.
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1. Introduction investigations of proteins. New impulses for using
spin label Electron Paramagnetic Resonance

Spin labeling has proven useful for structural (EPR) techniques come from the technical and
methodological development in EPR. Here we

71* E)sz;rrsegggnding author. Tek+31-71-527-5560; fax:+31- focus on pulsed EPR. Specifically, the phase mem-
E-mail address: mhuber@molphys.leidenuniv.nl orY relaxa,tlon tl_meS(T"’,' or T) of the elect_ron
(M. Huben). spins are investigated in order to characterize the
! Present address: Defence Research Establishment, Institutelocation of a spin label in proteins of unknown
of Sensor Technology, Department of Laser systéRBA32) structures. The protein investigated is human car-
SE-581 11 Linkoping, Sweden. bonic anhydrase II(HCA 1), a largely sheet
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Road MB 12, La Jolla, California 92037 USA. known from X-ray crystallography1], making it

0301-4622/01/$ - see front matt@ 2001 Elsevier Science B.V. All rights reserved.
Pll: S0301-462%201)00239-3



246 M. Huber et al. / Biophysical Chemistry 94 (2001) 245-256

Fig. 1. Stereo view of human carbonic anhydrél&€A 11) with positions W97C, L79C, C206, F176C, W245C, W16C and H64C
used for spin labeling indicated.

a suitable model to study the influence of the decrease T,,. Freely rotating methyl groups
structure on the relaxation parameters. Spin label- enhance relaxation, resulting in even smallgy
ing by site directed mutagenesis, as introduced by values.
Millhauser [2] and Hubbell and Altenbach3], In [9] five positions in HCA Il were compared
also termed site directed spin labeliG§DSL), is (W97C, W123C, S56C, C206, F178CThe goal
used to incorporate the spin labels at the desiredof the present study is to examine a wider range
positions. In HCA I, labeling sites are well- of probe locations than ifid] and to interpret the
established, and different labeling methods have data with respect to the findings if0]. In the
been employed to characterize a large number of present study, seven positions were investigated
protein positions ranging from buried to surface (see Fig. 1, including three previously studied
exposed residues. 14,5 the results of different  sites (W97C, C206 and F176Cplus four addi-
labeling techniques are compared, including the tional sites(L79C, W245C, W16C and H64C
accessibility and the polarity of sites by fluores- Overlapping positions compared {8] were cho-
cence techniques. Information about the spin label sen to test reproducibility and the additional posi-
mobility by continuous wavecw) EPR is given tions give a more complete sample of
in [5-9]. environments than previously available. In addi-
Prior investigations of spin labeled HCA [8] tion, a more systematic investigation of the effect
have shown, thaffy, varies with the spin label of exchanging the buffer with deuteriated buffer is
position and that the electron spin echo decays canperformed, since in9] only two sites(W123C
be described by a stretched exponential. A model and F176Q were investigated in deuteriated buf-
was proposed to interpret the dependencelipf  fer. The systematic investigation of the spin labeled
on the spin label environment. More recent studies proteins in deuteriated buffer, which had not been
of nitroxide and other radicals in different solvent performed in the previous stud@], is important
systems give more detailed information about the for the mechanistic interpretation df,, and x
factors determining electron spin echo decgh@. values. It is also of diagnostic value, to better
T\ depends on the proton concentration, and the distinguish spin label positions close to the protein
concentration and mobility of methyl groups in surface. Three methods of analyzing spin echo
the medium surrounding the spin label. In general, decays to determin&,, andx in the presence of
increasing proton concentration was found to deuterium spin echo modulation are evaluated.
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2. Materials and methods K. In all measurements the static magnetic field
was set to the maximum of the spin label EPR
Mutants were made and spin labeling usivg signal, i.e. the central line of the frozen solution
(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolidi- EPR spectrum.
nyl)iodoacetamide (IPSL) was performed as
described in[11]. HCA Il contains a native cys-  2.1. Fitting data to obtain T),
teine, (C206), which was spin labeled in the

sample referred to as C206. In all mutants, C206  |n analogy to a previous studg], decay curves

is replaced by serinéC2069 in addition to the are fitted to a stretched exponential function of the
mutation introducing the cysteine at the desired form:

position. Glycerol was added in a 1€¥/v) ratio
before freezing the samples. The final sample Y(7)=Y(0)exd—(27/Tw)] (1)
concentration of the different mutants was between \,here 1 is the time between the two pulseR,

0.02 and 0.3 mM. Samples were degassed by threey,o phase memory time, the exponent and'(0)
freeze-pump-thaw cycles on the vacuum line and e echo intensity at =0. Fitting was performed
sealed under vacuum.,D O exchange was per-p. 5 |east squares fiting procedure using the
formed by diluting samples intd H-buffer and  \arquardt algorithm in the Matlab prografihe
concentrating, again, three times. Before freezing, pathworks Inc). This approach was not feasible
these samples were diluted in a 10¢/v) ratio g4 samples in? H-buffer because deuterium elec-
with glycerol-d (*H-buffer) and degassed as on gpin echo envelop modulatiéESEEM) dom-
described above. inates the electron spin echo decay curve.

Measurements were performed on a Bruker therefore, three approaches were examined for the
Elexsys E580 spectrometer using an Oxford ER analysis of the samples fh H-buffer.

935 cryostat. Two pulse echo decays were meas-  \jathog 1: the parameters of the stretched expo-
ured with themw /2-7t-w pulse sequence with pulse nential, i.e. the decay tim&, and the exponent,

lengths of 16(w/2) and 32 ns(w) or 80 (w/2) were adjusted manually to match the curve to the
and 160 ns(w). For several mutants both pulse maxima of the experimental decay.

lengths were tried and did not result in differences Method 2: the following procedure was used to
in the decay times. The longer pulses were found eliminate the modulation from the experimental

to be preferable, because the limited excitation decay curve, which was then fitted as described
bandwidth reduces unwanted electron spin echo above for th,e samples in the H-buffer system
envelope modulation due to protons. Echo decay The experimental two pulse echo d4ta,,) is the

curves and parameters reported in the following .
refer to pulse parameters of 80-160 ns. Under E)}r/odu;tfl?rzci?gngggg]lljlatlor(Ymod) and the decay
deca .

these conditions, dead times were estimated to be
440 ns. As discussefb], instantaneous diffusion Yo=Y gecal mod (2
can decreasg,. To test for spin diffusion, the flip ) )
angle was varied by changing the microwave The modulation (Y. reflects the hyperfine

power of the pulses. For several cases, no depend_intera}ction of the electron and the deL.Jteriu.m nuclg-
ence of Ty, on pulse turning angle was found, & SPins, and was S|ml_JIated as descrlbe_d in Section
which indicated that the effects of spin diffusion 2-2» resulting in a simulated modulation curve
were negligible for these samples. Therefore, pulse ¥inods

powers were adjusted to give maximum echo y_
intensity, i.e. flip angles of 90 and 180respec- =Y decay (3
tively. Measuring the temperature dependence of ~ ™Mo

decay times within the range of 30-70 K for Ymoas IS then used to eliminate the modulation
several of the mutants revealed no significant and a decay curvéY,e..) is obtained, which is
differences. Thus, decay times are reported for 45 largely devoid of the modulatiofiEq. (3)]. The
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decay Yqecay Was then fitted with the least square estimated from fits to different experimental curves

fitting procedure described above. for one sample i9),+0.2 us andx+0.2. This is
Method 3: The first part of the electron spin also the minimum error for samples th H-buffer.

echo decay curve was removed resulting in a curve For these samples, errors depend on the fit method

starting at 1.5us from t=0, i.e. 1.5us including and deviations between the fit parameters for the

the experimental dead time. This procedure different methods of analysis are discussed below.

removes the first few periods of the modulation.

The remainder of the curve can then be analyzed 2.3. Position of spin label and solvent accessibility

by the least squares fitting procedure described

above because the remaining modulation periods T4 determine the number of methyl groups in
are relatively shallow compared with the echo the yicinity of the unpaired electron, the position
amplitude. For the mutants with relaxation times ¢ the N—O group of the spin label is needed.
on the order of thg truncation value of 1;5_8 From the X-ray structure of HCA II[1] the
(L79C and W97@ this method cannot be applied. position of the native residue is known. However,
Ty andx values obtained by method 3 depend on the conformation of the cysteines introduced by
the starting time of the fitting, thus the curves fo_r mutagenesis and of the attached spin label is not
all samples had to be truncated to the same startingxnown. To obtain an estimate of the local environ-

value. ment, the position of thgd carbon atom of the
, , native amino acid residue was used to represent
2.2. Deuterium modulation the spin label location. Surface accessibility is a

parameter that reflects the location of an amino

The mgdul?tlondYEodeaj 1s_|hmulated us_ln% a q acid residue in a protein. Surface accessibility of
program developed by Lund. 1he program IS based y, o \aiive side chain was calculated using a probe

on an extension of the methods described by radius of 1.4 ‘A as described by Connollg7]

D|I_<antov and '(Ij's_vetlko§[13]. flt aIIowTI_for G:ensc;r Fractional accessibility surface area was calculated
anisotropy and inciusion of non-cofiinear Ayperiine -5 yna r4i0 of the absolute area of each amino

tensors and the quadrupolar interaction of nuclei. acid divided by the area of the exposed area of
Th(_e treatment of hyperfine a_md _quadrupolar INtEr- o 2ch amino acid situated in an exposed tripeptide,
actions and powder averaging is don.e according Ala-X-Ala, according to Lee and Richard4].

to [14,19, the program is discussed ii16]. To For HCA Il accessibility values for most of the

analyze the modulation the echo dec&jeca) .
o ; resi f the presen were r r .
was eliminated from the experimental curi#,,) esidues of the present study were reportef b)

using an exponential decay CUr(E;ecexy:
Yexp

3. Resaults

Y =Y mod (4)

decexp Fig. 2 shows echo decay curves measured for

The parameters of the simulation, i.e. the num- mutants W97 and F176, which demonstrate the
ber of nuclei and their hyperfine interaction para- differences in the length and the shape of the
meters, were varied as to obtain the best fit to the decays that are attributed to the location of the
experimental curve. The main criterion for the spin label in the protein. The decays are non-
quality of the fit was the relative amplitude of exponential and were fitted to a stretched expo-
successive modulation periods in experimental and nential function[Eq. (1)] [9]. The resulting fit
simulated curve, respectively, as the absolute parameterd,,, the phase memory times andhe
amplitude of the modulation curve at any point exponents are listed in Table 1. In Table 1 entries
depends on the choice Ofjecexp The simulation are ordered from buried to surface-exposed resi-
of Yioq Yields hyperfine parameters of the deute- dues from left to righ{see Section % The values
rium nuclei surrounding the spin labedee Section  exhibit a systematic increase @f, and to some
3). The error of T\, in 'H-buffer samples as degree also of with increasing solvent exposure.
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W97C mixtures(see Section R Fig. 3 shows the resulting
decay curves for W97C and W16C. Pronounced

F176C ESEEM patterns are observed, whose frequencies

correspond to those expected for deuterium. To

extract the decay parameters in the presence of the

modulation, three methods were examin&ke

Section 2. The values obtained by all three meth-

ods are compared in Table 2. The shofigrtimes

in mutants L79C and W97C made it impossible to

apply methods 2 or 3 to L79C or to apply method

3 to W97C. The relatively large differences i,

andx values obtained by the three methddable

Fig. 2. Electron spin echo decay curves for HCA Il spin labeled 2) show that, due. to the mOdUIatlorTM. and x

at position W97C and F176Q= 45 K, pulse lengths: 80 ns cannot be_ determined as accurately_ n fhe H-

and 160 nsz: time between first and second microwave pulse. buffer as in thet H-buffer. The uncertainty inis

The initial time includes a dead time of 440 ns. particularly large because the impact of is

echo intensity

o
-
N
w
S
(6}
(o]

T [us]

Table 1
Tw of spin-labeled human carbonic anhydrase Il and comparison with information concerning probe location

Residue L79C W97C C206 F176C W245C W16C H64C
Location buried buried buried Ahear surfacg surface
surface intermediate
Probe mobility rigid rigid rigid mobile rigid/ mobile mobile rigid/ mobile
Solvent accessjble 0.00 0.00 0.01 0.09 0.22 ©.01 0.37
surface aredA?]®
Numbef of CH 24 15 11 13 6 7 2
Group 1 Group 2 Group 3
H,0/glycerol Ty [ps] 1.6 2.F 3.8 3" 4.7 43 4.5
X 1.2 1.3 2.0 1.8 2.4 2.1 2.0
D,O/glycerol-dy Ty [ps]" 1.4 2.7 6.0 5.8 9.0 12.6 n.d.
x" 1.0 0.9 1.0 0.9 1.6 1.3 n.d.
A/ TWlps™ =0 =0 0.10 0.10 0.10 0.15

aFrom mobility descriptors reported -8, H64C: Lindgren, personal communication.

b Fractional surface accessibility frofd9], and see Section 2.

¢ From labeling and reactivity: W16 is buried, but labels attached to this position are fl¢xible

4 Number of methyl groups in sphere between 5 and 1Gsée Table R

¢Data reported for W97C il9] were obtained with shorter pulses that excited proton modulation. Values obtained by data
analysis method 1 werg, =2.0 ps, x=1.0. Reanalysis of the data for W97C reported9h, using method 3 give,=2.4 ps,
x=1.2, which is in better agreement with the values obtained here with longer pulse lengths.

fValues reported for C206 it@] in *H-buffer: T, =4.1 u.s, x=2.0.

9 Values reported for F176C i[9] in *H-buffer: T, =4.1 ws x=1.9; in 2H-buffer7y, =5.5 us x=1.0, when analyzed by method
1. Analysis by method 3 giveg,,=8.0 us x=1.3.

" Parameters from least squares fit of decay with modulations rem@uethod 2, see Section 2,lunless otherwise stated.

" From method 1(see Section 2)1

I'n.d.: not determined.

To determine the contribution of protons in the greatest in the early portion of the decay curve,
buffer/glycerol mixture toT,,, spin labeled pro- where the modulation is deepest. As described in
teins were investigated iR H-bufféglycerol-g Section 4, method 2, in principle, should be the
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Fig. 3. Electron spin echo decay curves for HCA Il spin labeled
at position W97C(a) and position W16Qb) in glycerol-d;/
D,0. Note the deep modulation due to deuterium. Upper trace
in (a) modulation extractedY,.q See text, dotted line: sim-
ulated decay, method 1, see text.

most reliable, so values obtained by this method
are given in the summary Table 1, except for
L79C, where method 1 was used.

For all of the mutants, except for L79C and
W97C, modulation frequencies and depths are
similar. Thus, the modulation is expected to result
in similar systematic errors in all the samples.
Analogous to the results it H-buffer, th&,
values of samples iA H-buffer show a systematic
variation of the decay parameters with respect to
the position of the spin label. For buried sites

M. Huber et al. / Biophysical Chemistry 94 (2001) 245-256

L79C and W97C,T,, values are unchanged by
deuteriation, within experimental uncertainty. For
sites C206, F176 and W245C, deuteriation of the
buffer causes a substantial increaseTip. The
largest impact was observed for W16C, which is
judged to be at the surface.

3.1. Deuterium modulation

The ESEEM patterns for L79C and W97C differ
from those of the remaining mutanBig. 4). For
L79C the echo decay is too fast to analyze the
modulation, so W97C was selected as an example
of modulation at a buried site. The modulation for
W16C was selected as an example of an exposed
site (see Table 1 and Section.4By dividing the
experimental CUrVee,, bY Y gecexp @ CUrve domi-
nated by the modulatiof¥,,.q) was obtainedEq.
(4)]. For the simulationd16], the G- tensor was
taken to be isotropic and hyperfiliaf) parameters
of the deuterium were varied until the best agree-
ment of the experimenta(Y,,,o) and simulated
(Ymoas Modulation was obtained. The quadrupole
interaction was not included. The hf interaction is
described by the hyperfine tensére=1 Aiso+ A iy
The simulation parameters are essentidlly and
Agip, @s the principal values oAy, are A4, —
Agip @and —Agp,, Where Ay, is the perpendicular
eigenvalue of the hyperfine tensdfor back-
ground, see for examplg0Q]). Hyperfine tensors
of multiple nuclei were taken to be collinear. For
W97C, satisfactory agreement of simulations and
experiment was obtained using 4 nuclei lef 1,
with A;,,=0.8 MHz, and a dipolar contribution of

Table 2

Comparison of fitting methods for determinirgy, andx in
spin-labeled human carbonic anhydrase Il in glyceggBdO
buffer

Method 1 Method 2 Method 3

Ty [pusl  x Ty [usl  x Ty [pusl  x
L79C 1.4 1.0
W97C 2.4 0.9 2.7 0.9
C206 4.2 1.0 6.0 1.0 7.4 1.2
F176C 4.3 0.9 5.8 0.9 8.8 1.5
W245C 6.0 1.0 9.0 1.6 9.6 1.8
W16C 9.1 0.9 126 1.3 154 1.6
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modulation for C206, F176C and W245C is similar
in shape and intensity to that of W16C, suggesting
that the patterns are dominated by similar hyper-
fine interactions. The simulated modulation curves
were used a¥oqs t0 extractY .. [Eqg. (3)] for
data analysis method 2.

—~
o
~

104

4, Discussion

W97C

echo intensity

The electron spin echo decay parameters of spin
labels introduced at seven positions throughout the
protein are presented. Comparison with the previ-
ous study[9] shows that thel}, andx parameters
of C206 (in *H-buffer) and W97C, F176Qin H-
and ? H-buffe), see Table 1, agree, within experi-
mental error, with those determined earlig,
indicating that these parameters are well reproduc-
ible with respect to different batches of protein
preparation and different spectrometer
configurations.

The location of the residues to which spin labels
were attached is characterized by the solvent acces-

W16C sible area Iisted_ in Table 1. From activity and_
spectroscopic evidence, gross structural changes in
the protein upon spin labeling have been excluded

> 4 [5,7,8, nevertheless, locally, the orientation of the
T [us] spin label may differ from _that of the residue

replaced by it. The most obvious example is W16

Fig. 4. Electron spin echo decay modulation of HCA Il spin In HC.A !I' E.PR of W16C shows a mOb.IIe speg—
labeled at position W97@a) and W16C(b) in glycerol-c/ trum indicating a surface exposed location, while
D,O. Solid line: experimental, broken line: simulation. Para- the solvent accessible value suggests that W16 is
meters used for the simulation: isotropic G-tensor and 4 nuclei buried [7].
of /=1, with A;;,=0.8 MHz and a dipolar contributios y,=
1 MHz (a). For W16C(b), Set 1: 4 nuclei of =1, A,,=1.3
MHz, Agp=1.4 MHz; set 2: 6 nuclei of=1, A;;,=0 MHz,
Agip=0.2 MHz.

o
[=}

o
N
-

~
=
N

=
o
L

echo intensity

J

o

4.1. Values of Ty, and x

On the basis of the measured valuesIf the

mutants were divided into three groups comprising
Agip=1 MHz (Fig. 4. In the case of W16C, two L79C and W97C with short; C206 and F176C
sets of nuclei with different hf parameters gave with intermediate; and W16C, H64C and W245C
better agreement than a single set. Set 1 consistedwvith longer relaxation times. While the first group
of 4 nuclei of I=1, with Ai;,,=1.3 MHz and a is also characterized by small values agf the
dipolar contributionAy,=1.4 MHz, and the sec- difference inx between the second and third groups
ond set of 6 nuclei of =1, with a purely dipolar  is not significant.
contribution of A4,=0.2 MHz (A5,.=0 MH2z) Tw and x parameters of the group 3 locations
(Fig. 4b. The agreement of experimental and compare well with those of the PROXYI(3-
simulated modulation patterns is acceptable, but carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-ylo3yl
given the large number of parameters entering the spin label in 1:1 glycerol:Hl QT =4.4 us, x=
simulation, the fit is unlikely to be unique. The 2.1) and for TEMPONE (2,2,6,6-tetramethyl-
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4oxo-piperidin-1-oxyl in solvents with proton the initial part of the echo decay curve is so deep
concentrations between 110 and 120 M and no that the fit is dependent on the starting point. To
methyl groups (T\,=4.2-5.2 ps, x=2.1-2.9 avoid the deepest modulation periods, the initial
[10], suggesting that the decay parameters of spin 1.5 us of the data were not included in the fit.
labels at these positions are largely determined by The uncertainty of the shape at early time intro-
non-methyl protons in the protein and from the duces substantial uncertainty in the value xof
buffer/solvent mixture in which the protein is Trends in values ofT,, obtained by the three
dissolved. The relative importance of contributions methods are similar, with the exception of posi-
from protein and solvent protons was examined by tions F176C and C206. According to method 2
replacing the! H-buffer with a glycerolsdD,O they agree within experimental error, whereas
buffer system. The deuterons in tife H-buffer method 3 gives a largef,, for F176C. The origin
cause ESEEMFig. 3), which makes the analysis of this difference is not clear, but may well be an
of Ty and x less straightforward than for the indication of uncertainties in the analysis. The
decays in thet H-buffer. Three different methods values obtained by method 2 are included in Table
of analysis were used to analyze the date in H- 1 because, in principle, complete simulation should
buffer (Table 2, Section 2 give results that are more precise than the other
Method 1, in which the simulated decay curve two methods.
is adjusted to fit to the maxima in the echo decay For L79C and W97C(Table ) there is no
curve, gave the shortest,, values. The decay significant change iy, upon deuteration, whereas
constant obtained by this method includes both the for spin labels at other positior&,, values in? H-
intrinsic echo decay and the damping of the buffer are longer than id H-buffer. Contributions
modulations that occurs because of the distribu- to echo dephasing combine approximately as the
tions of the modulation frequencie§Fig. 4). sum of the reciprocals of time constants for con-
Therefore, matching the decay to the maxima of tributing processe§l0]. The change in relaxation
the modulated curve results in appar@ptvalues rate A(1/Ty)=(1/Ty in *H-solvend—(1/T}, in
that are shorter than the value only due to the echo ?H-solven) is included in Table 1. Although uncer-
dephasing. In method 2, the experimental data tainties inT), in deuteriated solvents cause uncer-
were divided by a simulated modulation curve to tainties in the absolute magnitudes of the values
give an estimated decay curve. The validity of of A(1/T,), trends are likely to be reliable.
method 2 depends critically on the quality of the Deuterons are less effective in spin echo dephasing
simulation of the modulation, and any deviation because the magnetic moment of a deuteron is
between the simulated and experimental modula- significantly smaller than that of a proton and,
tion amplitudes, in particular with respect to the therefore, electron—deuteron dipolar coupling is
amplitudes of successive periods of modulation, smaller than electron—proton dipolar coupling.
will affect Ty,. It is particularly difficult to simulate ~ Thus, spin flips of neighboring deuterons have less
the first few periods of the modulation because of impact on the local field experienced by the
the experimental dead time. The dead time has anelectron than flips of neighboring protonsee
impact on the ability to estimate, because the [8,9] and references thereinThese effects extend
shape of the echo decay curve at early times is over distances up to approximately 20[20] and
more strongly dependent onthan the later por-  thus reflect the environment of the spin label over
tions of the curve a substantially longer distance than is detected by
In method 3, a least squares procedure was usedESEEM, which detects primarily interactions at
to fit a stretched exponential to the data including less than approximately 5 A. The negligible dif-
the modulation. Since the amplitudes of the sim- ferences in echo dephasing between H &nd H
ulated modulation curves are approximately sym- solvents for L79C and W97C indicate that water
metric with respect to a constant averdgee Fig. buffer nuclei play little role in the dephasing at
4), this is a reasonable approximation. The draw- these buried sites. By contrast, the substantial
back of method 3 is that the modulation during impact of solvent deuteration for the more exposed
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sites indicates that solvent protons play significant Table 3

roles in the dephasing at these sites. The larger Nemcer f metty)groups of amio ackd esicues n spheres of
r

value ofA(1/ _TM)_ for W16C than for C206, F176C replaced by cysteine

and W245C indicates greater solvent exposure at

W16C. Even so, the values df, for all of the Radius[A] L79 W97 C206 F176 W245 W16 H64

spin-labeled proteins are substantially shorter than ¢ 5 1 2 3 0 0 1
the approximately 10.s observed for TEMPONE 1o 26 16 15 16 6 7 3
in D,O/glycerol-d; (Eaton and Eaton, unpublished 15 53 42 38 29 29 12 26
result9, which indicates that protein protons make 5-10 24 15 11 13 6 7 2

a substantial contribution to the dephasing for all

of the spin labels. When the buffer is deuteriated,

the only protons available are those of the protein. surrounding the protein contains no methyl groups
Thus, even small differences in the number and and concentrations of methyl side chains are typi-
type of protons of the protein in the vicinity of the cally low near the surface is consistent with
spin label and differences in distance of the probe values at approximately 2 for exposed sites.

from the surface of the protein can cause larger To explain the differences iy, values for
changes inT, values in?2 H-buffer than int H- interior positions, methyl groups around these res-
buffer. Due to the difficulties in obtaining reliable idues are of interest. A list of the number of
values for the exponent by any of the methods ~ methyl groups in the vicinity of different positions
presented, we do not attempt to interpret differenc- of the spin label is compiled in Table 3. We

es in values of in deuteriated solvents. compare the number of methyl groups in spheres
of 5, 10 and 15 A from the @ atom of the amino
4.2. Interpretation of Ty, and x acid residue that is replaced by the cysteine to

which the spin label is_attached. The number of

The phase memory relaxation parameters for methyl groups in the 5 A sphere is too small to
spin labels in a series of solventd (] give a be significant. Furthermore, the distance between
framework for a phenomenological understanding the C$ atom and the nitroxide group in the spin
of the molecular origin of the measured parameters label is approximately 5 A, so such a small sphere
characterizing the electron spin echo decay. The is not indicative of the environment of the para-
density of protons and the density and type of magnetlc center. On the other extreme, in a sphere
methyl groups have been identified as key para- of 15 A the number of methyl groups is similar
meters for electron spin echo dephasidg]. As for all interior positions of the spin label, which is
the density of protons increasé%, decreases, and not surprising since HCA Il is a relatively small
in solvents without methyl groups values 0f 2 protein. In the intermediate range, i.e. within a
are often observed. Methyl groups, particularly radius of 10 ‘A or in the shell between 5 and 10
those not sterically hindered, enhance the relaxa- A, the number of methyl groups differs strongly
tion resulting in shor@, values and exponents at depending on the position of the spin labeled
approximately 1. residue. Also, from the modeling of decays based

As seen in Table 1 relaxation parameters for on the theory by Milov et al[21] (Lindgren et
group 1 residues are close to the latter situation, al., to be published methyl groups at distances
whereas parameters for group 2 and 3 residues ardarger than 10°A do not have a strong effect on
similar to the former. The difference in the density 7y In Table 1 the number of methyl groups in the
of protons in the interior of proteins relative to the shell from 5 to 10 ‘As compared witl,, and x
glycerol/H,O mixture surrounding the protein is values. For positions with a large number of
quite small, suggesting that the presence of methyl methyl groups, shorty, and exponent at approx-
groups in the protein is the decisive parameter in imately 1 are observed, whereas a small number
explaining the shorter values @f, at buried sites  of methyl groups are associated with a lon@gr
[9,10. The fact that the buffetglycerol mixture and exponent at approximately 2.
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For example, the shortediy, is observed for  too far from the spin label to give a significant
L79C, the residue surrounded by the largest num- contribution to the echo modulation or that fewer
ber of methyl groups. The number of methyl water molecules are present in the immediate
groups surrounding C206 is similar to that for vicinity of the label at buried sites. The absolute
F176C and spin labels at these sites have similarvalues ofA;, in these simulations are large com-
values of T, and x. While these relations are pared to literature data for the interaction of spin
suggestive, the number of positions investigated is labels with deuterons, wherg,,=0.6—0.7 MHz
not sufficient to prove the suggested correlation. [22], A,,=0.9 MHz, and a quadrupole parameter
However, the qualitative conclusion, that interior Q =0.4 [23] were reported. This difference may
positions are characterized by shori®y values be due to the unrealistic geomet{go-linearity of
and exponent closer to 1 than to 2 can safely be hyperfine tensopsand the neglect of the quadru-
drawn. Presently, a model is being developed to polar interaction in the present simulations.
qguantify the influence of the position and the Future studies to quantitatively analyze the mod-
motional dynamics of the protons surrounding the ulation and to derive a structural model of the
spin label on theTy, and x values, based on the deuterons around the spin label would require
theory by Milov et al.[21] (Lindgren et al., to be  further simulations to improve on these aspects. In
published. This will allow determination of the the present context, the primary purpose of the
molecular parameters responsible for the relaxation simulations was to obtain modulation curves that
times and should permit a more quantitative inter- could serve a¥,.qsin Eg. (3) and thereby permit
pretation of the phase memory relaxation times.  determination of more accurate valuesTgf and
x in ?H-buffer samples than could be obtained
directly from the decay curves including the
modulation.

4.3. ESEEM from deuterium nuclei in the D,O
buffer

When? H-buffer is replaced by glycerok(D,0O
buffer, deuterium modulation is observed for all
locations of the spin label, indicating that deuter-
ons of the buffer approach closely enough to the Finally, the results obtained by spin echo meas-
spin label to have a significant hyperfine interac- urements are compared to traditional continuous
tion. This is particularly noteworthy for the buried wave (CW) EPR measurements of spin labeled
residues L79C and W97C, as it demonstrates thatsamples in liquid solution at ambient temperatures,

4.4. Comparison with the results of continuous
wave EPR

D,O enters the protein near these buried sites.
Simulations of the modulation allow estimation of
the magnitude of the hyperfine interaction of the
deuterium nuclei. The hyperfine parameters for the
W97C and W16C mutants are given in Section 3.
The isotropic componeni,) is due to electron
spin density in the deuterium s-orbital that requires
a close contact of the deuteron with the spin label.
For W16CA;, (Aic,.=1.3 MH2) is larger than for
W97C (Ai,c.=0.8 MH2z) suggesting a stronger
interaction of the electron spin with the deuteron
in the former case. Also, for W16C, a second shell
of deuterons with a smaller hfi is needed in the
simulation of the modulation, which we attribute

that were performed to determine the rotation
correlation time through lineshape analysis. The
mobility of the label reflects short-range interac-
tions of the label with the protein. These results
can be correlated to the present study since surface
exposed residues are expected to have high mobil-
ity and buried residues should be immobilized
[4,7]. By CW EPR it was shown that spin labels
on L79C[5] and W97C have very low mobilities,
and W16C and W245@7] have intermediate to
high mobilities(Table 1.

Interestingly, the liquid solution spectra of more
immobilized spin labels almost invariably show
the presence of multiple components, that are

to the next nearest solvent molecules. In the caseinterpreted as populations of spin labels with

of W97C, this interaction does not seem to play a
role, suggesting that the second solvent shell is

different mobilities and attributed to different ori-
entations of the spin label in the prote4].
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There is no indication of multiple components in of spin labels in proteins of unknown structure.
the T, measurements of spin labels in the same Here, the relaxation parameters will permit resi-
positions. Thus, either of the differences in orien- dues to be identified as buried, intermediate or
tation persists at low temperatures, but the corre- surface residues. In these cases, the location of
sponding orientations do not result in sufficiently methyl groups will not be known, but the above
different relaxation rates, or the spin labels reorient categories derive from the fact that there are no

to one dominant conformation. methyl groups in the buffer, leaving only methyl
groups in the protein to shortef,. Using deuter-
5. Summary and outlook iated buffer, a greater dispersion B, values for

residues close to the surface can be expected and
Spin labels at different protein positions show the methods to analyze the resulting decay curves
significantly different T, and x values, which are discussed in the present account. In practical
suggests that these parameters can serve as #&rms, in contrast to CW EPR, these measurements
diagnostic tool for spin label locatioT,, values are performed in frozen solutions or membranes,
obtained on spin labeled proteinsin H-buffers can which can be an advantage for proteins with
be useful to distinguish sites according to solvent limited solubility or stability. In addition, by stud-
accessability and to distinguish types of protons in ying the immobilized samples, the impact of pro-
the environment. For the analysis of echo decay tein environment onT,, can be separated from
times in 2H-buffer three methods are presented. effects of mobility onT},.
Method 2, which explicitly treats the modulation Together with other recently developed meth-
seems preferable. However, if an analysis of the odological approaches to spin label EP§ee for
modulation cannot be performed, method 3 is example[25]), the use of pulsed EPR to determine
preferred over method 1. We propose that the T,, andx is a promising tool to obtain parameters
parameters of electron spin echo decay curves canfor the location and the environment of spin labels.
be used as an alternative or complementary method
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