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ABSTRACT. A 30-residue nitroxide scan encompassing a helical hairpin and an extended loop in soluble
annexin 12 (helices D and E in repeat 2; residues-1t#8) has been analyzed in terms of nitroxide side
chain mobility and accessibility to collision with paramagnetic reagdijsValues ofI1 for both G and

a Ni(ll) metal complex (NIEDDA) are remarkably well correlated with the fractional solvent accessibility

of the native side chains at the corresponding positions computed from the known crystal structure. This
result demonstrates the utility &f as an experimental measure of side chain accessibility in solution, as
well as the lack of structural perturbation due to the presence of the nitroxide side chain. The pattern of
side chain mobility is also in excellent agreement with predictions from the crystal structure. The results
presented here extend the correlations between mobility and structure described in earlier work on other
helical proteins, and suggest their generality. The periodic dependehtaraf mobility along the sequence

of annexin 12 reveals the helical segments and their orientation in the fold, as expected for a nonperturbing
nitroxide side chain. However, these data do not distinguish the-Helbp—helix motif from a continuous

helix, because immobilized side chains in the short loop sequence maintain the periodicity. As shown
here, the ratio of1 values for Q and NiEDDA clearly delineates the loop region, due to size exclusion
effects between the two reagents. A new feature evident in a nitroxide scan through multiple secondary
elements is a modulation of the badit and mobility patterns along the sequence, apparently due to
differences in helix packing and backbone motion. Thus, in the short helix D, residues are consistently
more mobile and accessible throughout the sequence compared to the residues in the longer, less-solvated
and more ordered helix E.

Site-directed spin labeling (SDSth)as become a powerful G
new tool for probing the structure of both water-soluble and -4 : s~
membrane proteins at the level of the backbone files). X——f o ﬁ
The basic strategy of SDSL involves the labeling of N + PROTEIN-SH N
engineered cysteine residues with a nitroxide reagent to © L
generate a disulfide-linked nitroxide side chain. The most reagent (1) side chain R1
commonly employed side chain is designated R1 (Figure 1). Ficure 1: Reaction of the spin-label reagent (1) to give the nitroxide

The shape of the electron paramagnetic resonance specside chain designated R1.

trum of R1 in a protein encodes information on the side chain
mobility, while the change in the R1 spithattice relaxation

=0=0

time due to the presence of a paramagnetic reagent in solution
measures the diffusion-limited collision rate of R1 with the
reagent. Experimentally, collision rates are measured by the
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However, the periodic property alone does not locate the
position in sequence of the connecting loop, but this can be
accomplished with the contrast parameder= In[I1(O,)/
TI(NiEDDA)], previously employed to estimate the depth
of immersion for nitroxides in bilayer28).

The mobility of R1 throughout the sequence also ac-
curately reflects the structural model of annexin derived from
crystallography, and the relationship of mobility to structure
is very similar to that found for T4L 14), suggesting
generality of the results. Moreover, the dynamic mode of
the R1 side chain at noninteracting helix surface sites is the
same as that previously characterized in T48) @nd colicin
Helix D E1 (10). The site-dependent variationih and R1 mobility,

Fieure 2: Crystal structure of an annexin 12 monon28)(viewed the latter assessed by both order parameter and the inverse
from the concave side of the molecule. The amino-terminal domain central line Wldt.h’ IS. interpreted to reﬂect a g(_enerally greater
is gray, and each of the four repeats in the core domain is a different S€gmental motion in the short D helix than in the longer E
color. Each repeat contains five helices{EB), and helices D and  helix, a conclusion in accord with a recent NMR study of

E are labeled in repeat 2. Sites of spin-labeled residues 183 an isolated repeat of annexin24).

are denoted by solid spheres on thkearbons. Thet-carbons are

color-coded according to the solvent accessibility (see the text). MATERIALS AND METHODS

which the side chain is attached. The internal modes are Protein Expression and Purificatior\ series of 30 single-
dramatically modulated by tertiary interactions, and system- cysteine substitution mutants that correspond to residues
atic studies in T4 lysozyme as a model protein showed that 134—163 of annexin 12 were constructed as previously
interhelical loop sites, helix surface sites, tertiary contact described 25, 26). All mutations were confirmed by DNA
sites, and buried sites were partially resolved by differencessequencing using a Sequenase 2.0 kit (Amersham). The
in R1 mobility, largely due to this effectLd). Interestingly, annexin 12 mutants were expressed in recombinant bacteria
the EPR spectra for R1 at helix surface sites where no tertiaryand purified by reversible Ca-dependent binding to phos-
contact interactions are made are site-specific, yet largely pholipid vesicles followed by column chromatography as
independent of the nature of nearest-neighbor mutations.previously described26).
Such site-specific effects at noninteracting helix surface sites  Spin Labeling, EPR Spectroscopy, and FractionabSot
appear to be related to backbone motions in the nanoseconghccessibility The methods used to modify cysteine residues
regime (L4, 18). with the nitroxide reagent (1-oxy-2,2,5,5-tetramethylpyrroli-
In the study presented here, correlations of both R1 nyl-3-methyl)methanethiosulfonate (a generous gift from K.
accessibility and mobility to protein structure and dynamics Hideg, University of Pes, Pes, Hungary) were as described
are extended to include a 30-residue continuous scan througlpreviously @5). Spin-labeled mutants of annexin 12 are
a helical hairpin in annexin 12. Annexins are a family of designated by giving the sequence position of the cysteine
soluble proteins that bind to phospholipid bilayers in the substitution followed by the code of the nitroxide spin-label,
presence of Ca (19, 20). Typically, they are made up of R1. Spin-labeled proteins were stored in Hepes buffer (20
four highly homologous and conserved repeats. High- mM, pH 7.4) containing NaCl (100 mM). Prior to use, the
resolution crystal structures are available for the soluble form spin-labeled proteins were concentrated in a Microcon YM-
of several annexin22(). Not surprisingly, the structures of 10 apparatus (Amicon) using a tabletop centrifuge.
these different annexin gene products are nearly superim- EPR experiments were performed on spin-labeled annexin
posable, composed of individual repeats that themselves arel2 mutants (1082004M protein) in Hepes buffer (20 mM,
nearly identical in structure. The latter point is illustrated pH 7.4) containing NaCl (100 mM). Samples analyzed for
(Figure 2) in the crystal structure of annexin 22\, Each mobility also contained sucrose (30%, w/w) to reduce protein
of the four repeats (represented by different colors) of rotational motion and thereby minimize the contribution of
annexin 12 contains five helices. Four of these helices (A, protein rotation to the EPR spectral line shapd)( EPR
B, D, and E) form a helical bundle on top of which sits helix spectra were obtained using a Varian model E-109 spec-
C. The loops connecting helices A and B and helices D and trometer fitted with a loop gap resonat@7}. All spectra
E are located on the opposing, convex side of the protein were obtainedtaa 2 mWincident microwave power and a
where they are believed to mediate the?Gdependent field modulation of~1 G (1 G= 0.1 mT). Thell parameters
membrane interaction. for both G, and NIEDDA were measured using the power
The nitroxide scan analyzed here, 134RB3R1 in saturation method previously describé&t8,(29). The con-
annexin 12, includes the hairpin of helices D and E in the centration of @Qwas that in equilibrium with air at ambient
second repeat and parts of the loop connecting repeats 2 antemperature, and for NIEDDA was 3 mM. Mobility was
3 (Figure 2). The results of the study reveal a remarkable estimated using both the inverse central line widifi¢™)
correspondence between the collision rate of R1 with the and the inverse spectral second momeHE((i") as previ-
paramagnetic reagents, @nd NiEDDA, measured byI, ously described().
and the fractional solvent accessibility of the native side chain  The fractional solvent accessibility for native residues in
determined from the crystal structure. As anticipated, periodic annexin 12 was computed from the crystal structure of a
variations in mobility andIT identify helices D and E.  monomer of the crystallographic hexam&®) (PDB entry
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helical hairpin of residues 134R156R1 reveals a dominant
component with a period c$£3.8 residues (frequency of 0.26
residue?), close to that of 3.6 residues/turn for a regular
helix (Figure 4b, top panel). A second component with a
period of 23 residues (frequency of 0.043 residyiethe
length of the scan, corresponds to a low-frequency modula-
tion of the helical frequency. This is seen in the data as a
background “roll”. These two frequency components are
shown in Figure 4b (bottom panel), superposed onlihe
(NiIEDDA) data. The origin of the low-frequency component
is the generally greater accessibility of residues in helix D
and the loop than in helix E. In particular, there is a gradient
of increasing residue accessibility along helix D from residue
134 to 141 and into the loop, and then a decrease to the
center of helix E, followed by an increasing gradient to the
end of the helix. Because the helices are not too different in
length, this gives rise to the sinusoidal modulation with a
period equal to the length of the sequence. Clearly, analysis
of the I1(O,) data leads to the same conclusions.

It is intuitively reasonable that the collision rates of water-
soluble paramagnetic reagents with R1 should be correlated
with the solvent accessibility of the R1 side chain. However,
it is not obvious to what extent they are related to the solvent
accessibility of the native side chains at the corresponding
sites. To explore this issue, Figure 4a (middle panel) shows
the fractional solvent accessibilityfs§) for each native
residue through the sequence computed from the crystal
structure using a probe radius of 1.4 A. A monomer from
Ficure 3: EPR spectra of annexin 12 containing the R1 nitroxide the crystallographic hexamer was used for these calculations
side chain at thepindicated sites. The spectragare normalized to(22)' The penpdlClty and relative amplitudes & with
correspond to the same number of spins. For convenience ofS€guence position strongly resemble those features for both
presentation, the amplitudes of some spectra were either increased1(O,) andII(NIEDDA). The few exceptions are such that
or reduced by a scaling factor shown to the right of the spectra. TT is relatively greater thafsa, and these occur at glycine
Shaded boxes represent the extent of helices D and E. The filled ggiques (G145 and G157) or at sites where the native side
arrows in the spectrum for 147R1 identify the hyperfine extrema . - : .
in the powder line shape. The empty arrows in other spectra identify chains have pa_rtlcular |nteract|o.ns. ,(Q148', R159, and El,63)
a spectral component corresponding to an immobilized state of thethat reduce their solvent accessibility relative to the R1 side
nitroxide. All annexin samples were in 30% sucrose solution at chain (see the Discussion). The close correspondentzg of
pH 7.4, and the magnetic field scan width is 100 G. andIT values is further emphasized by a comparison of the

) ) Fourier transform ofsa shown in Figure 4c with that dfl-
1AEIl) using the program MolMol30) and a probe radius (NiEDDA) (Figure 4b, top panel). Again, the dominant
of 1.4 A. component corresponds to a period of 3.8 residues. The low-

frequency component with a period of 23 residues is also
RESULTS present, but slightly attenuated relative to that fdr

Figure 3 shows the EPR spectra obtained for each spin-(NIEDDA).
labeled annexin 12 in the sequence of residues-188 in For convenience in discussions to follow, the topography
a 30% sucrose solution. The shaded regions indicate theof R1 residues in the protein fold will be classified in part
extent of helices D and E based on the crystal structure according to their solvent accessibility in the crystal structure
model. For R1 at each site, the accessibility paramdiiers  measured bysa. Thus, residues with afys of <0.05 will
(O2) andII(NiEDDA) were measured. The R1 mobility was  be defined as “buried”, those with dg, between 0.05 and
estimated from the spectral line shape parametéts® and 0.25 as “partially solvent-accessible”, and those wittigan
[H23* or from apparent order parameters. The accessibility of >0.25 as “solvent-exposed” (see Figure 4a, middle panel).
parameters are considered first, because they can be directlfrhese definitions are somewhat arbitrary, but they represent
and quantitatively compared with the crystal structure data. the location of the native side chain in the structure

Accessibility to Collision with @and NIiEDDA. Figure reasonably well. Sites that are partially solvent accessible
4a (top panel) shows a plot 61(O,) andII(NiEDDA) as a are generally those that make contact interactions and vice
function of sequence position. As is evident, there is a regular versa, and sites that are solvent-exposed are on the surface
periodic variation in both quantities throughout the sequence of the protein. In previous publications, such sites were
of residues 134156 that encompasses helices D and E and termed “contact” and “surface” sites, respectively, and this
the interconnecting loop, but is sharply attenuated and terminology will be retained here. ThHga values in Figure
modified upon entering the connecting loop of residues-157 4a (middle panel) are color-coded according to this assign-
163. The Fourier transform of tH&(NiEDDA) data for the ment.
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Ficure 4: Sequence dependence of R1 accessibility. (a, top paH€&})) (blue) andII(NIEDDA) (red) as a function of sequence. (a,

middle panel) Fractional solvent accessibility computed from the crystal structure as a function of sequence. The horizontal dashed lines
at 0.05 and 0.25 define the boundaries between “buried”, “partially solvent accessible” (contact), and “solvent accessible” (surface) residues
(see the text). Individual residues are color-coded according to this assignment where red, green, and blue indicate buried, contact, and
surface locations, respectively. The same color code is used in Figure 2. (a, bottom panel) Fhrasi@nfunction of sequence. (b, top

panel) Fourier transform power spectrumIdfNiEDDA), plotted as a function of period. (b, lower panEI{NiEDDA) data (red squares)

plotted together with the component of period 3.8 (dotted trace) and the component of period 23 (solid trace) present in the Fourier transform
of the data. (c) Fourier transform power spectrum of the fractional solvent accessibility, plotted as a function of period.

The regular periodicity ofsa, I1(O,), andII(NIEDDA) NIiEDDA complex 0). This size exclusion effect is illustrated
throughout the helixturn—helix sequence of residues 134  in Figure 5 for annexin 12, where it can be seen that the
156 indicates that the periodicity alone cannot in general T1(O,)/TI(NIEDDA) ratio is approximately the same for all
distinguish an extended continuous helix from the helix  sites except for deeply buried sites, whEFNIEDDA) tends
loop—helix structure. The problem stems from the fact that to zero whilel1(O,) remains finite. Due to this effect) is
loop residues are not necessarily all highly exposed, and carnroughly constant except the value for deeply buried sites,
be partially buried, extending the apparent helix periodicity where it increases steeply. As seen in Figure 4a (bottom
through the loop region. In this case, it is loop residue 143 panel),® clearly picks out the most buried residues on the
that is partially sequestered from solvent contact. However, inner surfaces of the helices, revealing the turns 2 and 3 of
the contrast functio® = In[I1(O,)/II(NiEDDA)] provides helices D and E, respectively. On the other habahanges
a means of identifying loop residues, as shown in Figure 4a little through the loop regions, clearly marking their location.
(bottom panel). As previously pointed odb,is expected to ~ Apparently, residue 143R1 in the loop is not sufficiently
be approximately constant for solvent-exposed and contactburied for the size exclusion effect to be large, an effect
residues 23). Only for deeply buried residues doeb possibly related to loop dynamics.
increase dramatically due to the greater penetration0f O It is interesting to note that botlhl and & resolve
into the protein interior compared to the more polar, larger accessibility differences between helices D and E, most
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1.2 — 134 160, and 162). Residues 157, 161, and 163 are exceptions
. OFf141 to be discussed below.

1.0 Y1 Thus, qualitatively, the pattern of R1 side chain mobility
7 18 9% 37 mirrors the solvent accessibility and the protein structure in

©
s}
I

the crystal. A more quantitative evaluation of mobility can
be based on the width of the central resonance hme<0)

of R1. The line width is determined by the nitroxigdactor
anisotropy and the rate and geometry of molecular motion.

IT (NiEDDA )
3
|

40 i For isotropic mation, the line width is sensitive to rotational
20 — correlation times in the range 6¢1—30 ns. The inverse

. central line width, AH,™%, is an increasing function of
00 —5% mobility in this domain, and has been previously employed

I I
00 05 10 .1|5 _2|0 "2|51_3|0|.3|5'J0 as a semiquantitative measure of nitroxide mobility)(
I1(0,) Figure 6a shows the dependenceAdd, ! on sequence for
Ficure 5: Plot of II(NiEDDA) vs I1(O,) for R1 residues in the the nltro>§|de scan from :.L34R1 to 163R1.‘ A.S .f@’K’ H(OZ)’.
sequence of residues 13263. Contact and surface residues, andII(NIEDDA), there is a regular periodicity extending
defined by the data depicted in Figure 4a (middle panel), are denotedthrough the helix-loop—helix sequence of residues 134R1
with empty circles and buried residues with filled circles. 156R1, and the residues corresponding to the maxima and
minima of mobility correspond closely to those for the
notably on their buried faces. As discussed above, the low- parameters. One exception is residue 136R1 that has the
frequency component in the Fourier transform OF unusual combination of low mobility and high accessibility.
(NiEDDA) arises from such differences. In addition, #e  The a-carbon of residue 136 resides on a contact surface of
values for buried sites 135R1 and 139R1 in helix D are helix D, but the native Glu side chain projects out toward
clearly smaller than those for buried residues 147R1, 151R1,the solution. Apparently, R1 adopts a similar configuration,
and 154R1 in helix E, indicating that the size exclusion effect with the nitroxide ring solvent-exposed, but immobilized by
is less for the former case. Taken together, these resultsrelatively strong contact interactions.
suggest a looser packing of helix D compared to E, with a The Fourier transform of thé\H,™! data is shown in
greater solvent penetration. Figure 6b, and the major components of the transform are

Mobility. The mobility of the R1 residues can be quali- Shown plotted with the mobility data as a function of
tatively assessed from the features of the EPR line shapesequence in Figure 6c. As fofl and fs, the major
shown in Figure 3. For example, R1 residues that are in the COmponents have periods of 3.8 residues and 23 residues,
slow motional limit are readily identified by the so-called respectlvely_ Again, the p_erIOd of 3.8.|dent|f|es_ the D and E
“powder” line shape with well-resolved hyperfine extrema Nelical segments, but it is not possible to distinguish the
whose separation depends on solvent polagty.(In helix helix—loop—helix motif from a continuous helix based on
E. residues 147R1. 150R1. 151R1. and 154R1 have aPeriodic properties alone. The low-frequency modulation of
powderlike line shape and are hence strongly immobilized the mob_ility data \.Nith a period (.)f 2.3 res!dues reflects _the
in the protein. The splitting between the outermost hyperfine differential dynamics of side chams in helices D a.m'd. E, just
extrema for each (illustrated by solid arrows for 147R1 in S the low-frequency modulation of the accessibility data
Figure 3) is~68 G, suggesting an apolar environmesa)( reflected a differential accessibility in those helices. Thus,
consistent with th’e protein interior. These positions cor- there Is an increasing gradient of mobility from the beginning

respond exactly with those of buried native residues, identi- ggsr?alz(sig at rr:dsilgrl:te 01f3r£rl10tgilgthe ff:r?]t?rr]gfutj?ﬁ tt:rgé&n% a
fied by the fractional solvent accessibility (Figure 4a, middle However gthge relative contribli/tion of the low-fre uenc.
panel), and with those of lowesl (Figure 4a, top panel). mode in t,he power spectrum is considerably greate?than ¥or
Residue 155R1 is also identified as a buried site in the the TI(NIEDDA) case, indicating thatH, * is a more
structure. For this residue, the EPR spectrum reflects multiple § °

states of different mobility, as judged by diffuse spectral sensitive measure of helix dynamics.
; o 17 . .
intensity in the region between the low-field and center Mobility measured byAH, *is comparatively high at loop

. . sites (Figure 6a). However, several of the loop sites have
resonance lines. However, the dominant component corre-

. . . low values offsa for the native residues, identifying them
sponds to the expected immobilized state of the R1 residue.__ . e : : . P
. . . . inward-pointing si hains with significan n
In short helix D, none of the R1 residues, including those at as ard-pointing side chains with significant contact

. . i .~ interactions (Figure 4a, middle panel). Interestingly, these
buried sites 135 and 139, have simple spectra charactenstlcresidues either are partially immobilized (143R1) or have
of strong immobilization. Rather, these buried sites have

) . two spectral components, one of which reflects a significant
multiple components, one of which corresponds 10 the yoqree of ordering and immobilization (empty arrows in
anticipated immobilized state (empty arrows, Figure 3). Figure 3 for 145R1, 159R1, and 161R1) due to contact
At the other extreme, R1 residues with high mobility are interactions, and this population gives rise to fhstrand-
readily identified by the narrow overall breadth and sharp like periodicity in the loop of residues 152163 (Figures
features in the EPR spectra. For example, the sites at which4a and 6a). These latter residues are the same ones noted
the native residues have the highest solvent accessibilityabove at which there are significant differences betwiden
(surface sites) are also the sites at which R1 residues havgNiEDDA) andfsa. The origin of this difference is that the
among the sharpest spectral features and hence the higheshethod for determiningll values emphasizes the most
mobility (residues 137, 138, 141, 142, 144, 149, 156, 158, exposed population at a site with multiple populations. Thus,
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Ficure 7: Mobility map (AH,~* vs [H2[31) for annexin 12. Helix/
buried residues are denoted with circles, helix/contact residues with
squares, helix/surface residues with triangles, loop/contact residues
with diamonds, and loop/surface residues with pentagons. Residues
in helix D are shown in red, those in helix E in blue, and those in
loops in magenta.

work presented here, all sites were in helical segments or
interconnecting loops, and the topographical regions were
classified as buried, tertiary contact, surface, or loop regions.
Figure 7 shows such a topographical map for the nitroxide
scan in annexin 12, and it is evident that a similar grouping
is possible with approximately the same boundaries. How-
ever, some refinements are indicated by the data presented
here. In the T4L study, the loop sites were identified as a
unique class because each loop that was investigated was
fully solvent-exposed, and R1 residues within such loops had
high values for botlAH,~* and (H?(I1. In annexin 12, the
loops are not fully solvent-exposed, and some sites within
loops have reduced accessibility and mobility (Figures 4a
and 6a).

To accommodate this new class of sites and to generalize
the earlier classification, the topographical classification of
a side chain will be based on (1) the type of secondary
structure and (2) the solvent accessibility of the side chain
in the crystal structure. The coarse scale of solvent acces-
sibility given above will be used, namely, buried, contact,

function of sequence. The residues are color-coded according toand surface. Thus, the designation for R1 at a buried site on

the definitions in the legend of Figure 4a (middle panel). (b) Fourier

transform power spectrum for the data in panel a, plotted as a

function of period. (c)AH,~* data (blue circles), plotted together

with the component of period 3.8 (dotted trace) and the component

a helix will be “helix/buried”, and that for R1 in a loop at a
site with only partial solvent accessibility will be “loop/
contact”, and so forth. The topographical map of the annexin

of period 23 (solid trace) present in the Fourier transform of the 12 sequence of residues 13863 (Figure 7) reflects these

data.

definitions. These are coarse definitions, and subdivisions

can be made as necessary. For example, any helix can be

IT overestimates the “average” degree of solvent exposuresubdivided to distinguish internal, C-terminal, or N-terminal
at such sites comparedfta. Loop residue 161R1 also shows sites (L4), and aS-strand can be an edge strand or a center
two populations, but the native glutamic acid is highly strand.
solvent-exposed in the crystal structure. Nevertheless, it does It should be noted that the above classification does not
face inward in the protein fold, and apparently, the unchargedimply that an R1 residue at a helix/surface site has no
and relatively hydrophobic R1 side chain can make contactsinteraction with the environment. R1 at such sites may be
that were avoided by the highly solvated native residue. interacting or noninteracting, depending on the potential for

Another measure of R1 mobility is the inverse second specific interactions of the R1 side chain with other residues
moment,[H?%, which emphasizes contributions from outer in the immediate environment. Such interactions modulate
hyperfine extrema in the spectrum. In previous work, a plot the side chain mobility, and this is one of the reasons that
of AH,* versusdH?1! was found to map (group) side chains helix/surface sites occupy an area on the plot of Figure 7
from different topographical regions of the protein fold into rather than a point. The noninteracting helix/surface site has
defined regions on the plo8(14). In that work, as in the  a signature spectrum, illustrated in Figure 8 by that of 72R1
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T4L 72R1

137R1

141R1

142R1

Ficure 8: EPR spectra of the indicated helix/surface sites. 72R1
in TAL (red trace) is a noninteracting helix/surface site shown for

reference. Dashed lines indicate the separation between the outey

hyperfine extrema (®,a) for 72R1. The other spectra are of R1 at

Isas et al.

characteristic of the expected anisotropic motion with an
order parameter lower than those in helix E (the hyperfine
extrema corresponding #9,-are indicated with filled arrows

in Figure 8). For these apparently noninteracting components,
the apparent order parameters for 137R1, 141R1, and 142R1
are 0.45, 0.38, and 0.24, respectively. The more immobilized
spectral components, identified with empty arrows in Figure
8, presumably arise from interactions with the protein
environment.

DISCUSSION

Correlation of Salent Accessibility and Mobility with
Static StructureThis study examines the pattern of mobility
and accessibility of the R1 side chain through a heloop—
helix—loop sequence in annexin 12. The primary motivations
were (1) to advance the technology of SDSL by providing a
database for correlation of EPR parameters with protein
structure and (2) to compare the solution structure of annexin
12 with that in the crystal as a prelude to future studies of
the membrane-bound form of the protein. In previous studies
in T4L, the mobility of R1 at various sites was correlated
with regular secondary structure and salient features of the
tertiary fold (14). In the study presented here, this work is
extended to include a scan through a supersecondary
structural element, the helidoop—helix motif, and to
nclude R1 accessibility data.

the indicated sites in annexin 12. Filled arrows indicate the resolved ~ The data in Figure 4 reveal a striking similarity between
outer hyperfine extrema in these spectra. Empty arrows indicatethe sequence dependence Idf values for both @ and

the low-field position of spectral components corresponding to
relatively immobilized states. The high-field region of the spectrum
of 137R1 is shown at high gain to reveal the high-field extreme.

from T4 lysozyme {4). This residue is among the most
ordered for noninteracting helix/surface sites, and the

NIiEDDA and that offsa, particularly through the helical
hairpin. This suggests th&i values are valid experimental
estimates of the relative solvent accessibility of the native
side chain at the corresponding site. Such a simple result is
not necessarily anticipated, because R1 is larger than most

spectrum is shown here as a reference. The structural andf the native side chains, and at contact sites R1 could project

dynamical origin of this spectral line shape was studied in
detail by simulation techniqued&). The spectrum corre-

either into the protein interior or into the solvent.
As mentioned above, exceptions to the correlation are

sponds to a single dynamic population undergoing anisotropicobserved and expected at glycine residues where the size
motion, and is characterized by well-resolved outer and inner difference of the side chains is at the extreme (residues 145
hyperfine extrema. The large separation between the outerand 157). Other exceptions occur in the interdomain loop

hyperfine extrema, designateéz, is identified in Figure
8. A single order parametes, and an anisotropic diffusion

sequence from residue 157 to 163 where several of the EPR
spectra exhibit two components corresponding to R1 popula-

tensor can accurately account for such helix/surface sitetions with greatly differing mobilities (residues 159, 161,

spectra. In an approximate effective Hamiltonian treatment,

and 163). At such sites, the method of determinligs

the positions of the hyperfine extrema can be reproducedheavily biased toward the most exposed site, overestimating

with a single apparent order parame®&p, = (2Apar — 32a0)/
(2A;; — %,a,), where A,; is the z principle value of the
hyperfine tensor in the absence of motion amdis the
isotropic hyperfine coupling constant in the same solvent
which equalst/s(A; + Aw + Ayy), whereA,; and Ay, are
determined and\, and A,y are the principlex andy tensor
values corresponding t#,]. For T4L 72R1,S,,, = 0.5.
According to the crystal structure of annexin 12, the helix/

the “average”Il value. Residue 145R1 also has two
components, and this could contribute to the [Bwalues
relative tofsa. Finally, poor correlations betwedih andfsa

may occur for particular cases where the native residue has
specific interactions with the environment that reduce its
solvent accessibility. For example, native arginine 159
projects into the protein interior, apparently in interaction
with tyrosine 201. The R1 side chain does not experience

surface sites are residues 137, 141, and 142 in helix D andthe same interaction that would keep it completely buried,
residues 149 and 156 in helix E (Figure 4a). The spectra of and this may be the origin of the two populations of R1 at
R1 at these sites are compared in Figure 8. The line shapeghis site.

of 149R1 and 156R1 in helix E are similar to that of T4L
72R1, and correspond to a single population of nitroxide
undergoing anisotropic diffusion wit,,, values of 0.6 and
0.5, respectively. For R1 on helix/surface sites in helix D,

the spectra are more complex and reflect multiple compo-

The generality of the correlation betwedih and fsa
remains to be seen, but similar results have been noted in
colicin E1 (M. Vogelsang and W. Hubbell, unpublished data)
and rhodopsin (C. Altenbach, J. Klein-Seetharaman, K. Cali,
H. Khorana, and W. Hubbell, unpublished data). With an

nents. In each case, one of the components has a line shapenderstanding of the limitations, the correlation provides a
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simple means for comparing crystal and solutions structures
using accessibility data from SDSL. It should also be
mentioned that the data are consistent with the absence of
significant structural perturbation by side chain R1. This point
is further supported by the fact that all of the derivatives
retained their ability to bind to phospholipid bilayers in a
calcium-dependent mannezf).

As expected, the periodic dependence of mobility with
sequence generally mirrors that of accessibility (Figures 4a
and 6a). The “mobility map” for annexin 12 (Figure 6b)
resolves the individual sites that were investigated into
regions that closely correspond to topographical regions FIGURE9: Model of helix/surface sites in annexin 12. The indicated
defined by the crystal Structure, An exception s fesidue [SlSUTece S1es e st i Shace Ting Pocer, and e
161R1. Although the native glgtamlc aC",’ pOII"1tS inward in sector. HeIFi)x D has a much larger solvated surfacg. Only? repeatps 2
the structure, the charged residue remains highly solvated.gnd 3 are shown.

The R1 residue at this inward-facing site has numerous

opportunities for interactions, and the spectrum reveals two only for the most buried sites in the structure. Thus, for loop
components, one corresponding to a strongly immobilized sites at which R1 has at least one population of high
site. Other exceptions involving residues in helix D will be accessibility, or has partial solvent accessibility, there will
discussed below in reference to backbone mobility. be little size exclusion and will be approximately constant

The map for annexin 12 is very similar to that found for through the loop sequence. On the other hand, for buried
T4L (14), suggesting the generality of the correlation between sites in helices D and E, size exclusion effects are important,
R1 mobility and protein structure. However, a new topo- and @ increases dramatically (Figure 4A, bottom panel).
graphical region is represented in annexin 12, the loop/ Thus, ®@ is flat at all but helix/buried sites, where local
contact region. In T4L, the loops that were investigated were maxima are observed. If a site on a rigid loop were
completely solvent-exposed and the R1 residues in thesecompletely buried, this method would fail.
regions were highly mobile. Although loops are generally  Effects of Backbone Dynamids.common theme underly-
solvent-exposed surface structures in protein folds, they maying the data of the helixloop—helix scan is a clear
lie close to other structures. Hence, a loop residue facing difference between helices D and E. For example, the helical
another structure may interact and be at least partially periodicity evident inII(NiEDDA), I1(O,), and AH, ™ is
immobilized. The fact that R1 can favorably interact with modulated by a low-frequency mode that is maximal in helix
residues in its proximity is supported by the recent crystal D and the loop and minimal in helix E. This indicates that
structure analysis of spin-labeled T4 lysozyme mutants, the buried residues in helix D are more mobile and more
which shows that the R1 side chain can engage in a varietyaccessible than those in helix E. It is particularly striking
of hydrophobic and hydrophilic interaction83). that the polar NIEDDA has access to buried sites in D but

As mentioned above, several of the loop/contact R1 essentially not at all in E. In addition, the noninteracting
residues have two dynamic populations (residues 145, 159,components of the helix/surface sites in helix D have an order
161, and 163). The most immobile population corresponds parameter much lower than those of helix E. Detailed studies
to R1 interacting with the protein, but this population is only of such sites indicated that variations in the order parameter
weakly reflected in theAH, ! measure of mobility, which  for R1 between helices were likely due to backbone
is heavily biased toward the most mobile component. Thus, fluctuations (8). Together, these differential effects suggest
AH,! measures loop sites as relatively mobile (Figure 6a). a more dynamic and loosely packed state for helix D than
On the other hand, the second moment measure of mobilityfor helix E. In the annexin 12 structure, helix D has a larger
emphasizes the most immobile component, and it is the solvent-exposed area than helix E, as indicated in Figure 9,
second moment that resolves the loop/contact sites in theand concomitantly a smaller buried surface. This, together
mobility map of Figure 7. The components of the loop/ with the shorter length of helix D, may account for the
contact spectra reflecting the mobile population of R1 observed differences.
resemble the spectra of mobile loop sites in TAL. The high  Why should the EPR spectra of the R1 side chain reflect
mobility of such sites was attributed to flexibility in the loop  backbone motion? Crystal structures of T4L containing R1
backbone structurelf). revealed that its disulfide moiety interacts with main chain

In previous work, the periodic propertiesidfand mobility atoms, effectively eliminating rotations about the disulfide
along a sequence have been used to identify sequenceand bonds proximal to the backbone. Detailed studies of
correlated secondary structure. However, the data presentedioninteracting helix/surface sites showed that the internal
above indicate that the existence of loop/contact (or loop/ motion of R1 was restricted to the two terminal bonds next
buried) sites makes it problematic to resolve unambiguously to the nitroxide ring, consistent with the model derived from
a helix-loop—helix motif from a continuous helix based on crystal structures. Furthermore, simulations based on this
periodicity alone, because the loop/contact sites can extendmodel were found to accurately account for the experimental
the periodicity through the loop, if it is short. In such cases, line shapes, and revealed that the motion of R1 on helices is
the function® may prove to be useful in identifying the intrinsically ordered 18). Because the internal motion is
location of the loop (Figure 4a). The basis of the discrimina- ordered, the spectra are very sensitive to additional degrees
tion relies on size exclusion effects betweera®d NiEDDA of freedom that modulate the internal modes, namely,
at the site in question. Such discrimination apparently occurs backbone fluctuations.
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The helix/surface spectrum of 149R1 in helix E is unusual =~ The dynamic nature of helix D could also be important
in that it has a relatively largeer, but narrow line widths. for the pH-dependent membrane interaction of annexin 12.
This spectral line shape can be simulated assuming a singléNe recently used a nitroxide scanning experiment to show
spin population of highly anisotropic motion (L. Columbus that the hairpin of helices D and E of repeat 2 in annexin 12
and W. L. Hubbell, unpublished data). Similar spectra have undergoes a pH- and membrane-dependent refoldfy (
been observed in T4L, and at one site (T4L75), the higher This refolding results in the breakage of all hydrophobic
order was found to be due to an unusual hydrogen bond madenteractions that stabilize the hairpin in solution and the
between a nearby tyrosine and the 4-H atom on the nitroxide formation of a single, continuous, membrane-inserted helix.
ring (33). Although there is no tyrosine present in the The refolding might be facilitated by the loose and dynamic
neighborhood of 149R1, 189E is in a position to make such nature of helix D.

a hydrogen bond with 149R1.
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