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ABSTRACT. A goal in the development of site-directed spin labeling in proteins is to correlate the motion

of a nitroxide side chain with local structure, interactions, and dynamics. Significant progress toward this
goal has been made usinghelical proteins of known structure, and the present study is the first step in

a similar exploration of #-sheet protein, cellular retinol-binding protein (CRBP). Nitroxide side chains
were introduced along both interior and edge strands. At sites in interior strands, the side-chain motion
is strongly influenced by interactions with side chains of neighboring strands, giving rise to a rich variety
of dynamic modes (weakly ordered, strongly ordered, immobilized) and complex electron paramagnetic
resonance spectra that are modulated by strand twist. The interactions giving rise to the dynamic modes
are explored using mutagenesis, and the results demonstrate the particular importance of the non-hydrogen-
bonded neighbor residue in giving rise to highly ordered states. Along edge strandsfeélieet, the

motion of the side chain is simple and weakly ordered, resembling that at solvent-exposed surfaces of an
o-helix. A simple working model is proposed that can account for the wide variety of dynamic modes
encountered. Collectively, the results suggest that the nitroxide side chain is an effective probe of side-
chain interactions, and that site-directed spin labeling should be a powerful means of monitoring
conformational changes that involve changeg-isheet topology.

_ One of the goa_ls in deve!o_ping SDSm_ethoqlology i_s to A X X}S X, ¢,
interpret the motion of individual nitroxide side chains in msa }’\Cp/x1
terms of local protein structure and dynamics. Using mu-
tagenesisy, 2), X-ray crystallographyg3), and quantitative

analysis of the EPR spectra of spin-labeled proted$), (l)-

progress has been made toward this goal denelical

proteins 6, 7). For example, both X-ray and spectroscopic side-chain R1
evidence supports the motional model shown in Figure 1

for the most commonly used nitroxide side chain (designated B
R1) at solvent-exposedthelical sites. In this model, the;S

of the disulfide bond interacts with main-chain atoms, thereby

constraining rotations about dihedrals and y.. Because

isomerization of the disulfideyg) is slow on the EPR time

scale, limited torsional oscillations abgutandys probably

dominate the motion of the nitroxide ring (Figure 1B) and

give rise to the experimentally observed EPR spectra that

are characteristic of an ordered state (Figure #C)Because

the anisotropic magnetic interactions of the nitroxide are not

completely averaged by the ordered internal motion of the C
side chain, the EPR spectra are sensitive to any additional
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1 Abbreviations: SDSL, site-directed spin labeling: EPR, electron FIGURE 1. R1 side-chain structure, showing definition of the
paramagnetic resonance; CRBP, cellular retinol-bining protein; wT, dihedral angles (A), the conformation and motion of the side chain
wild-type CRBP; NiEDDA, nickel(ll) ethylenediaminediacetate; MOMD, ~ at solvent-exposed sites arhelices (B), and the EPR spectrum
microscopic order/macroscopic disorder; T4L, T4 lysozyme; HB, Of TAL 72R1 (C). The dashed line in (B) identifies an apparent
hydrogen-bonded; NHB, non-hydrogen-bonded. interaction of the $atom with the GH hydrogen atom.
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motions in the gigahertz regime that might be present. For MATERIALS AND METHODS
example, site-dependent variations in the rate and order of , ) L )
R1 motion have been analyzed in terms of protein backbone ~Preparation of Mutants, Protein Purification, and Spin
fluctuations B). Labeling.The rat cellular retinol-binding protein gene in a
If the nitroxide moiety of R1 ino-helices interacts with ~ PT7-7 plasmid vector was kindly provided by Dr. David. E.
other groups in the environment, the simple internal motion ONg (Vanderbilt University). Site-directed mutagenesis was
described above is modulated and new dynamic modes ariseP€’formed using the overlap extension PCR method as
By correlating particular interactions with the dynamic described by Ho et allg). The coding and flanking region
modes, the EPR spectra can be used to provide detailedV@S excised aClal arjd Ndd restrlc'glon S|tes' and m;erted
information on the local environment. For example, a highly nto the pT7-Z cloning vector using T4 ligase. First, a
ordered state of R1 appears to be correlated with-€ cysteine-less “pseudo wild-type” gene was prepared by
-O hydrogen bond between the nitroxide ring and tyrosine, 'ePlacing the three native cysteines (82, 95, and 126) with
while other strongly immobilized but solvent-accessible states &@nines. This construct was used as the template for all
arise from hydrophobic tertiary interactions of the nitroxide Single-substitution mutations, and protein expressed from this
ring (3). In cases where the nitroxide interaction is of tertiary construct will be referred to below as WT or CRBP. To
origin, the dynamic state of the side chain is a sensitive €NSure fidelity of Taq polymerase, the entire coding region
indicator of conformational change8)( for each mutant construct was sequenced using ABI Prism
The above studies establish SDSL as a useful tool for the P& Deoxy Terminator Cycle Sequencing. Double mutations

determination of structure, for the detection of conformational Wereé constructed as above using the appropriate mutant
changes, and for the determination of backbone fluctuations CONstruct as a template.
in a-helical structures. Although spin-labeling studies of ~ CompetenEscherichia colBL21 DE3 pLysS cells were
[-sheet proteins have been report@dl(), the present study  transformed with mutant plasmids. Cells were grown to mid
is the first to report a systematic exploration of R1 side- l0g-phase at 37C in LB media containing 0.5% (w/v)
chain dynamics in @-protein of known structure. For this ~ casamino acids and 10@/mL ampicillin. At ODso ~ 0.6,
study, cellular retinol-binding protein (CRBP) was selected. the temperature was decreased to 29, and protein
CRBP is a member of the intracellular lipid-binding protein €xpression was induced by the addition of isoprgpgioga-
family and is responsible for the transportadiftrans-retinol lactoside to a final concentration of 0.5 mM. Cells were
from the plasma membrane to various intracellular targets. harvested by centrifugatio3 h after induction, resuspended
The crystal structure oholo-CRBP is known to 2.1 A in 10 mM Tris (pH 7.6), 100 mM KCI, 1 mM EDTA, and
resolution (1), and NMR structures have been determined 5 mM dithiothreitol, and lysed by sonication. This solution
for the solution state in both the apo and holo forrmg)( was treated with 10% polyethyleneimine to a final concen-
The molecule consists of 10 antiparallel strands organizedtration of 0.2% and centrifuged to remove precipitated
into two orthogonal sheets that form a flattened barrel. A nucleic acids. The supernatant was further treated by
cavity between the sheets forms the retinol-binding site. ~ ammonium sulfate fractionation at 50% and 80%, with the
The structural constraints on side-chain motiong-sheets ~ 80% pellets containing the bulk of the CRBP. The 80%
are fundamentally different from those im-helices. For ~ Pellets were resuspended in 20 mM Tris/acetate (pH 8.3)
example, nearest-neighbor side chainsihelices { + 3, i and 5 mM dithiothreitol and applied to a Superdex 75 gel
+ 4) show little interaction with R1 at most solvent-exposed filtration column (Pharmacia) at a flow rate of 1 mL/min.
sites a_) due to the |arge Spacing of the side chains and the Fractions were collected and screened for CRBP, which
fact that they project radially outward, away from each other. €luted as a broad peak. Fractions containing CRBP were
On the other hand, nearest-neighbor side chains in a flatPooled and concentrated to approximately 5 mL using an
ﬁ_sheet are more closely spaced than indHeelix and lie Amicon YM-10 filter. This solution was loaded asl mL
essentially parallel to one another. Thus, significant side aliquots on a Superdex 75 column (Pharmacia) equilibrated
chain-side chain interactions are expected, consistent with With 20 mM sodium phosphate (pH 7.0) and 100 mM NacCl.
the context-dependent propensitiesfesheets 13—17). The Fractions were collected and screened by Coomassie-stained
results reported here, based on mutagenesis of neighboring®DS-PAGE for CRBP. Fractions that were homogeneous
side chains, clearly reveal the effect of direct interactions of for CRBP were either frozen or used immediately for the
R1 in interior strands with nearest-neighbor side chains in Nitroxide-labeling reaction described below.
flanking strands. The strength and nature of the interaction A portion of the CRBP-containing fraction from the
depend on three factors, namely the identity of the neighbor- Superdex 75 column was incubated with a 10-fold molar
ing residue, whether that residue is located at the hydrogen-excess of (1-oxyl-2,2,5,5 tetramethylpyrroline-3-methyl)
bonded or non-hydrogen-bonded neighbor site, and themethanethiosulfonatel) or the diamagnetic analogue (1-
degree of strand twisting. These features give rise to a varietyacetyl-2,2,5,5 tetramethylpyrroline-3-methyl) methanethio-
of dynamic modes of the nitroxide side chain. On the other sulfonate 20, 21) (both gifts of Kdman Hideg, University
hand, R1 residues in edge strands have a simple motionof Pec, Hungary) and allowed to react for-42 h at room
similar to R1 on solvent-exposed surfaces of helices. The temperature, with the longer reaction times being allotted
wide variety of complex EPR spectra arising from R1 in for buried sites. Unreacted label was removed by gel filtration
pB-sheets can be understood in terms of a simple working on a G25 Sephadex fast-desalting HPLC column (Pharmacia)
model wherein the R1 side chain is a direct probe of side equilibrated with 20 mM sodium phosphate (pH 7.0) and
chain—side chain interactions, and the EPR spectra are 100 mM NaCl. At this point, CRBP is in the apo form. To
expected to provide information on strand registration and produceholo-CRBP, all-trans-retinol was added in excess
on conformational changes that affect the degree of twist. from an ethanol stock solution such that the final ethanol
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concentration did not exceed 1% of the sample volume. The
solubility of retinol is extremely low, and essentially all
excess precipitated and was removed by centrifugation. The
supernatant was concentrated, and quantitative binding of
retinol was confirmed by the U¥vis absorption spectrum

of the protein, which showed a ratio of absorbafAeg/Azso

~ 1.4, similar to that reported for recombinant CRER)(

EPR Spectroscopy and Fitting of EPR Spectfp-
proximately 5uL of spin-labeled proteins (typically 50 .
300uM) in 20 mM phosphate buffer (pH 7), 100 MM NaCl,  Ficure 2: EPR spectra of 75R1 iholo- (solid trace) ancapo-
and 30% (w/v) sucrose was loaded into Pyrex capillaries (dashed trace) CRBP.

(0.84 0.d.x 0.64 i.d.; VitroCom Inc., Mountain Lakes, NJ),

and spectra were recorded at23 °C using a Varian E-109  torsional oscillations about the bonds that connect it to the
spectrometer fitted with a loop-gap resonat@8)( The backbone. For dynamic modes where the nitroxide ring does
incident microwave power was 2 mW, and the 100 kHz notinteract directly with the protein, the torsional oscillation
modulation amplitude was optimized for maximum signal rates about the various bonds are assumed to be similar, and
without distortion of the line shape. Roar~ Rperp Thus, fitting is begun witN = 1, and significant

Measurements of the accessibility parameters fpaq deviations are explored only in the case that satisfactory fits
NiEDDA were carried out in TPX capillaries by the power could not be obtained. Generally, it is found that the best

saturation method previously describetf)( The G con- fits are obtained witiN in the range of +1.3. As is well
centration was that in equilibrium with air, and the NIEDDA  known, the fitting parameter® and C¢? can be correlated
concentration was 5 mM. and are not accurately determined from a fit to a single EPR

EPR spectra were fit in a least-squares sense to the MOMDfrequency 25). Thus, the rates and orders determined from
model of Freed and co-workers using the program NLSL fits to a single frequency are to be viewed as estimates.
described by Budil et al.26). For all simulations, the  However, rate and order correlation can often be at least
principal values of thé\ andg tensors were fixed a = partially resolved because, for the common dynamic modes
Ay =6 G,A;= 37 G,g« = 2.0076,9,y, = 2.0050, andy,, of the R1 side chain, rates have a strong effect on the spectral
= 2.0023. These values are appropriate for the nitroxide of line widths, while ordering has a comparatively small effect
R1 on solvent-exposed surfaces in prote#)s $pectrawere (L. Columbus and W. L. Hubbell, unpublished results). Thus,
simulated using an axially symmetric diffusion tensor, with fitting is begun with Lorentzian and Gaussian line width
principal valuesRyr and Ruerp In this report, spectra are  parameters set to 0, and rate parameters are varied to get
characterized by the geometric mean of the diffusion tensor approximate fits to the center line width. In most cases,
elementsR = (RoaRuerd) Y3, and an asymmetry parameter, variations in either rate or order can be compensated by the
N = Rual/Roerp (25). The mean correlation time, is defined other only within a range of about20%.
ast = 1/6R. In the MOMD model, diffusion of the nitroxide EPR Assay for Determination of Retinol Binding Affinity
is constrained by an ordering potentiilwhich is expanded  to CRBP.An exchange assay was developed to measure the

in a series of spherical harmonics, all-trans-retinol binding affinity of each spin-labeled mutant
relative to that of the WT protein. In a separate study (results
uQ) = _kBTgckD'aK(Q) to be published elsewhere), a large difference in the EPR
: spectra of the apo and holo forms of the spin-labeled mutant

CRBP 75R1 was discovered (Figure 2). The assay used here

whereQ = (a,3,) are the angles relating the diffusion frame exploits this difference to determine the fractifigy, of the
to a frame fixed on the protein (the “director” frame). For holo form in a mixture. The intensity of the central resonance
the fits in this report, only the first term in the expansion, line (I) of the composite spectrum provides a simple
with coefficientCy?, is required for a reasonable fit. The order empirical parameter that changes linearly witho To
parameter,Sy, is calculated fromCq? as described by calibratel as a measure dfqo, Mixtures ofapo- andholo-
Schneider and Free@6). 75R1 were prepared that contained the same total amount

The diffusion tensor is related to the molecular frame of of protein (300uM), with fu, varying from 0 to 1. Values
the nitroxide by a transformation involving the three Euler of fioo Were plotted as a function dfl,, wherel, is the
angles ap, Bp, and yp (the diffusion tilt angles). For intensity of the puréholo-75R1 sample. The plot was well
approximately axially symmetric nitroxide magnetic and fit by the linear equatiorfo, = 1.248(/1,) — 0.237 (2 =
diffusion tensors, onlyp, the polar angle between tkexis 0.995), which was then used to determiipg from measured
of the diffusion tensor and that of the nitroxide molecular intensities in mixtures opo- andholo-75R1.
frame, is important. For solvent-exposed R1 side chains, Whenholo-75R1 is mixed withapo-CRBP, or a mutant
where an ordered motion is due to constraints on the disulfide thereof, retinol is rapidly exchanged, and the valud.gf

bond of the nitroxide, it was previously found thg$ ~ at equilibrium is a direct measure of the relative binding
36° accounts well for spectra, and that value is fixed in the affinity of 75R1 and the other (acceptor) protein. Measure-
fits to reduce the number of parametefy. ( ment offyo, by the method described above is complicated

Thus, for a single population, the parametBN, C¢?, if the acceptor protein is also spin-labeled. To circumvent

and the Lorentizan homogeneous (w) and Gaussian inho-this problem, cysteine mutants of interest were labeled with
mogeneous line widths (gib0, gib2) were varied for the best a diamagnetic analogue of R1, designated, Rhat is
fit. For the R1 side chain, the motion of the ring is due to essentially isomorphous with R1 but has no EPR sig2@l (
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Ficure 3: Ribbon models of CRBPLQ) showing labeling sites (as spheres at ¢thearbons) in center strar@B (48, 50, 52, 54), center
strand39 (114, 115% 116, 117*, 118, 119*, 120, 121*), edge str@id 13, 14), edge strane4 (59, 60*, 61, 62*, 63), edge strayith (71,

73), and edge strangb (81). Sites marked with asterisks and colored yellow in the figure are buried, and the side chains project into the
retinol-binding cavity. Site 75 is in th85—/6 turn, and 75R1 is used in the exchange assay for retinol binding (see Methods). Retinol is
shown as an orange CPK model.

21). With this strategy, the relative dissociation constant of determined by manual changes in dihedrals of R1, using the
any CRBP mutant labeled with Ritan be calculated from  bump monitor to eliminate states with overlap. Values of
experimentally determined valuesfgfi, as described below.  y1, y» were fixed at 60+ 10°, —60 4+ 10°, or 180+ 10°.

Let the dissociation constants of retinol frdmlo-75R1, Values ofy; (the S-S dihedral) were limited te-90 £+ 10°.
holo-CRBP, andholo-XR1', where XR1 is a mutant of
CRBP with R1 at site X, beKp;, Kpz, andKpz, respectively. RESULTS
In an equilibrium mixture formed from equimolar amounts

of holo-75R1 andapoCRBP Figure 3 shows the sites in CRBP where R1 side chains

were introduced, one at a time, in the present study. In each

K-./K-. = {[apo-75R1V/holo-75R1}. .2 = case, the cysteine substitution mutants expressed in high yield
oi/Koz = {[ap Vi U biz 5 . and reacted essentially quantitatively with the spin label
oo~ l12 =Ry . [ [

[Ufhoio = o = (R (1) reagent. These particular residues were selected to represent

S o _ _ sites in interior strands, i.e., sites flanked on either side by
Likewise, in an equilibrium mixture formed from equimolar H-ponded adjacent strands, and in edge strands, where only

amounts ofholo-75R1 andapo-XR1', one side is flanked by another H-bonded strand. Residues
) 48—54 and 114120 are located in interior stran@8 and
Kpi/Kps = {[apo-75R1]/holo-75R1}, ° = 9, respectively. Residues in edge strands include 13 and

oo — 1 2= (R, 9 (2) 14inp1, 59-63 in B4, 71-73 in 85, and 81 in36. Residue
’ ' 75, in the35—06 interstrand turn, is used in the exchange
Combining () and @), assay for retinol binding affinity described in Methods.
The primary focuses of this study are the solvent-accessible
(Kpa/Kp)! (Kp1/Kpg) = Kpg/Kp, = (R1’2)2/(R1‘3)2 3 residues on the outer surface of fhisheets, although a few
buried sites are included for completeness (yellow spheres
Finally, the free energy change for ligand dissociation, in Figure 3). All of the mutants bearing a spin label at

relative to CRBP, is given by solvent-accessible sites bound retinol to fortmo#o-protein,
and the dissociation constants and corresponding free ener-
AGp xry — AGp crgp= AAGp = —RTIn Kpg/Kp, = gies, relative to CRBP, are given in Table 1.
—RTIN{ (R »)7(R. )} (4) About half of the mutants decreage\Gp (increase the

dissociation constanKp), and half increase it, although the

Exchange measurements were made by preparing solutiongffects are small, except at R120RTo put the values in
containing 30QuM holo-75R1 and 30Q:M of either apo context, the free energy of retinol dissociation for CRBP has
CRBP or the apo form of mutant containing 'Rdt the been reported to be in the neighborhood of 10 kcal/r2a). (
desired position in 20 mM sodium phosphate (pH 7.0) and The largest perturbation in free energy due to the spin label
100 mM NacCl. is for R120R1, where AAGp is about 30% of this value.

Modeling of the R1 Side Chain in CRBRlodeling of The relative dissociation free energies for the remaining
CRBP (Protein Data Bank code 1CRB) was done in either mutants are within 10% of the estimated value for CRBP,
DS Viewer Pro or Insightll (Accelerys, San Diego). The R1 with most being within 5%. Thus, the presence of the spin
side chain was built at the desired site, and the structure wadabel at solvent-exposed sites has relatively little effect on
optimized by variation in the structure of R1 only; generally, the ligand affinity. On the other hand, the spin label at buried
the native side chains were left in their native configurations, sites, where the side chain projects directly into the binding
and in a few cases slight changes made in the dihedral anglesavity, seriously perturbs ligand binding, as expected (data
(only beyondy:) of nearby residues. Allowed rotamers were not shown).
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Table 1: Relative Dissociation Constants and Free Energies for A
CRBP Mutants 1807 I
twist |,
class mutant Ko/Kpwr AAGq (kcal/mol) 160
L ]
edge strand E41R1 0.87 0.083 1a0] Pt o d54
N59R1 1.8 —-0.34 W PN o] ess
I61R1 15 —-0.22 120 50.51 .
D63R1 5.0 —-0.95 s 53
E71R1 0.86 0.086 100 N
D73R1 1.2 —-0.12 80 n=2
o K81RT 0.93 0.041 -180 -160 -140 -120 -100 -80
interior strand H48R1 0.68 0.22
IS0RT 1.1 —-0.073 ¢
R52R1 1.4 —-0.19
L54RY 0.35 0.62
E114R1 0.71 0.20
E116R1 6.4 -1.1 B
E118R1 0.81 0.12
R120R1 130 -2.9
In the following studies, the spin-labeled derivatives of
CRBP at solvent-accessible sites were studied in the holo c 5
form only. On the basis of the data of Table 1 and the : T4 P
estimated dissociation constant for CRBP, the dissociation N B10
constant for the various spin-labeled proteins lies in the range N

of 10-60 nM, e_xcept for 120R1' which is 100'_f0|d gre_ater. Ficure 4. Geometry of the strands and sheets constituting the
The Concentratlon Of pI’Otem In the EPR eXpeI’ImentS IS near regions |nvest|gated (A) A Ramachandran p|0t of residudﬁin
300uM. Therefore, in most cases, onlyl% of the protein andp9. (B) Side view ofs3 and flanking strands. (C) Side view
is dissociated at equilibrium with the apo form. Thus, in all of 49 and flanking strands.

but 120R1, the EPR spectra correspond to essentially the 83 69

pure holo form of the labeled proteins. For 120R1, the
amount of apo form is still less than10%.

R1 Motion at Salent-Exposed Sites in Interior Strands
B3 and 89 of holo-CRBP(48, 50, 52, 54; 114, 116, 118,
120). p-Sheets and individual strands are characterized in
part by twist and pleat. As the degree of twist increases,
neighboring side chains point away from each other, reducing
side-chain interactions. The degree of twist of the strands
considered here can be seen in the plot of Figure 4A for
residues in33 (48-54, red dots) ang9 (114-121, blue
dots). Residues 4953 in 53 lie near then = 2 line of the
Ramachandran plot in Figure 4A, indicating little twist
through this sequence, and the sheet formed f6@mp4 is
essentially flat. The N- and C-terminal residuess®, 48
and 54, respectively, have positive twists that match them
to the adjacent turns. Residues/f lie above then = 2 '
line, indicating a right-handed twist in the8—£10 sheet. -

These features can be appreciated from Figure 4B,C, whichFIGure 5. EPR spectra for R1 at solvent-exposed sites in center
shows side views of the two sheets. strands otolo-CRBP. Arrows in (C) and (F) mark the hyperfine
. extrema corresponding to immobilized states of the nitroxide. The
Figure 5 presents the EPR spectra of R1 at solvent-expose@can width is 100 G. The solid traces are experimental spectra,
sites in interior strand83 andf9. The off-set dotted traces and the dotted traces are the least-squares best fits to the MOMD

are the fits of the spectra to the MOMD model, as described model (see Methods).

above. The relevant parameters of the fits are given in Table

2, and these will be discussed below with respect to eachlysozyme (T4L) has been studied in detail, and the motion
site. of the side chain was found to be determined primarily by

A notable feature of the R1 spectra is the wide range of intérnal modes in the side chaid)( That is, the motion of
R1 dynamic modes, as reflected in the EPR spectral line the nitroxide is due primarily to torsional oscillations about
shapes. At one extreme is 118R1, where the nitroxide hasthe bonds in the side chain, with little modulation from
relatively high mobility. The spectrum of 118R1 can be fit interactions of the side chain or from backbone motions. For
with rotary diffusion rates corresponding to a mean correla- T4L 72R1, the spectrum can be accurately fit to the MOMD
tion time of r ~ 2.3 ns and a weak orientation potential model witht ~ 2 ns andS, ~ 0.47. Thus, for CRBP 118R1,
corresponding to an order parameterSy ~ 0.2. It is of the rate is about the same, but the order of motion is
interest to compare this motion to that for R1 on a solvent- significantly reduced relative to the same side chain on a
exposed helix surface site (Figure 1C). Site 72R1 in T4 rigid helix surface site.
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Table 2: Parameters for Fits to the Spectra

residue 7 (ns) N So  occupancy (%)
118R1 23 1 0.2 100
116R1 comp 1 46 1 0.13 56
116R1 comp 2 (immobile) ~20 44
114R1 comp 1 1.7 13 0 48
114R1 comp 2 21 13 058 52
48R1 comp 1 16 13 0.17 20
48R1 comp 2 53 13 0.16 80
50R1 comp 1 22 1 0.27 90
50R1 comp 2 8 1 0 10
52R1comp 1 13 13 0.7 88
52R1 comp 2 (immobile) 17 1 0 12
54R1 24 0.7 0.35 100
E41Q/52R1 11 1.0 0.55 100
E41K/52R1 13 13 0.55 100
E41T/52R1 1.7 13 0.56 100
E41D/52R1 comp 1 1.7 13 0.57 61
E41D/52R1 comp 2 17 39
52R1/161L 1.7 13 0.5 100
52R1/161V comp 1 13 13 0.71 57
52R1/161V comp 2 17 43
52R1/161T comp 1 12 13 0.56 65
52R1/161T comp 2 12 34
52R1/I61E comp 1 3 13 0 40
52R1/I61E comp 2 12 1.3 0 60
14R1 22 013 03 100
59R1 26 1 0.48 100
61R1 2 1 0.48 100
63R1 19 1 0.47 100
71R1 19 1 0.47 100
73R1 22 05 03 100 .
W109L/116R1 comp 1 21 13 05 90 FiGure 6: Structure of the CRBIB-sheet around site 52. The
W109L/116R1 comp 2 20 1 0 10 H-bonded and non-H-bonded neighbors in adjacent strands are
81R1 compl 37 1 0.33 70 identified by the dashed boxes. The solid black lines on residue 52
81R1 comp2 5 0.1 057 30 indicate the direction of thg-carbon atom in rotamers about the

Cs—C, dihedral §1). The rotamer designation of Lovell et a2}
. e is used. In this convention, tha dihedral is measured from the

At the other extreme in R1 mobility is 116R1, also/if. backbone N atom. The three rotamers, representing the low-energy
The spectrum of 116R1 requires two dynamic components staggered configurations, are designated as m, p, or t, corresponding
for a reasonable fit, one that is strongly immobilized and to ay; of —60° (minus),+60° (plus), or 180 (trans), respectively.
recognized by the well-resolved hyperfine extrema (arrows
in Figure 5). The immobilized component, correspondingto ~ What features of the structure are responsible for these
44% of the population, is fit by an isotropic motion with variations in side-chain dynamics from site to site? NMR
~ 20 ns. Because an immobile spectral component at a'*NH relaxation studies ofiolo-CRBP in solution indicate
surface site could arise from concentration-dependent oli- that the backbone motions along stranis and 9 are
gomerization, serial dilutions were made for each surface relatively constant and equal in the two strands, withHN
site mutant exhibiting an immobile component. Unless noted bond vector order parameters of 0.91S < 0.95 (12).
otherwise, the EPR spectra for all mutants reported were Therefore, the wide variation of R1 side-chain dynamics does
concentration-independent, indicating the absence of effectsnot likely originate entirely from site-dependent backbone
due to oligomerization. The second component of 116R1 is dynamics, but must arise from direct interactions of R1 with
characterized by =~ 4.6 ns and a weak ordering wigo ~ either main-chain atoms or neighboring side chains.
0.13. In the 30% sucrose solutions used in the present The aim of the present investigation is to identify the likely
experiments, the rotational correlation time of CRBP, as- molecular origins of these interactions, and the experimental
suming StokesEinstein behavior, is ~ 18 ns. Thus, one  strategy is a systematic variation of the neighboring side
state of R1 at site 116 is essentially immobilized with respect chains and analysis of the concomitant change in side-chain
to the protein. dynamics. For this purpose, sites 52R1, 54R1, and 116R1

The highly mobile 118R1 and the immobilized component have been selected for investigation. These sites were selected

of 116R1 represent the extreme cases of dynamic modes oPecause the EPR spectra of 52R1 and 116R1 reveal multiple
R1 along the center strand sites. Other sites are of relativelycomponents, one of which corresponds to a relatively im-
high mobility, similar to 118R1 (50R1, 54R1), or have Mmobilized state of the side chain that must arise from side-
mu|t|p|e components (48R]_, 52R1, ]_]_4R]_) The spectrum chain interactions. Moreover, 52 and 116 reside in sheets
of 52R1 is particularly striking due to the presence of three With significantly different degrees of twist (Figure 4), pro-
resolved hyperfine extrema, one set of which correspondsViding an opportunity to examine the effect of this feature.
to a relatively immobilized state (marked by arrows in Figure 54R1 is of interest because its spectrum is characteristic of
5). This spectrum can be reasonably well simulated by two an anisotropic motion similar to that for R1 on helix surface
dynamic populations, one with isotropic motion £16.7 sites.

ns, 12%) and the other having rapid, anisotropic motion with  Interactions of 52R1Figure 6 shows a section of tjfe—

high order ¢ ~ 1.3 ns,S0~ 0.7, 88%). Models to account 4 sheet from CRBP and identifies the key features of the
for this high degree of order will be discussed below. antiparallel-sheet relevant to side-chain interactions. For
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E41Q/52R1

E41T/52R1

E41D/52R1
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sentially disappeared, and the spectrum is reasonably well
fit to a single component that strongly resembles that of the
ordered component in the spectrum of 52R1 with native
neighbors £ ~ 1.1 ns, S ~ 0.55). Similar results are
obtained when E41 is substituted with lysine (Figure 6C) or
the -branched residue threonine (Figure 6D). In each case,
the spectrum can be represented by a single component with
best-fit parameters similar to those of the E41Q mutant
(Table 1).

The above results suggest a direct interaction of E41 with
the nitroxide, possibly a H-bonding or electrostatic interac-
tion. Indeed, substitution of E41 by aspartate produces a
significant increase in the immobilized component (Figure
6E). The spectrum can be closely fit with two states similar
to those of 52R1 with WT neighbors, but with an increase

in occupancy of the immobilized state from 12 to 39% and
E41W/52R1 a decrease %o of the ordered state (Table 2).

If we assume that the two dynamic components of the R1
side chain arise from two rotamers of R1 in slow exchange
on the EPR time scale, the equilibrium constant and free
omtuned o e . The ol s oo Seperiman 11y diference between hem can b esiinted from (he
spectra, and the dottegd traces are the least-squares bepst fits to th Op.UIatlon.S.glven In Tablg 2. For 52R1, t.he frge energy of
MOMD model (see Methods). the immobilized rotamer lies-1 kcal/mol higher in energy

relative to the ordered state. In E41D/52R1, the immobilized
a residue in an interior strand offasheet, the neighboring  rotamer lies only~0.3 kcal/mol above the ordered state.
side chains in closest proximity are those on adjacent strandsThus, the strength of the apparent nitroxide/carboxylate
For example, residues 41 and 61 are the nearest neighborgteraction has increased about 0.7 kcal/mol in the E41D/
to 52. There are two categories of such nearest neighbors52R1 mutant.
one of which is directly H-bonded to the residue in question  In addition to a H-bonding/electrostatic interaction, van
(HB neighbor) and the other of which is not (NHB). For der Waals interactions can also occur between 52R1 and the
residue 52, E41 and 161 are the HB and NHB neighbors, HB neighbor at 41. For example, substitution of E41 by
respectively. The £-C, distance between HB neighbors is tryptophan results in a two-component spectrum that closely
typically 5.5 A, while that for NHB neighbors is 4.5 A. For resembles that of 116R1, where the native residue at the HB
pB-branched side chains, the bulky branch points inward site is also tryptophan (compare Figures 5F and 7F). One
toward the NHB neighbor and away from the HB neighbor, component of high occupancy is strongly immobilized, with
as illustrated by 161 and V43 in Figure 6. Thugj-dranched a correlation time similar to that for the overall rotation of
residue at the NHB site is expected to give rise to side-chainthe entire protein.
interactions. Finally, the orientation of the;-€€C, bond in Mutation of the Non-Hydrogen-Bonded Neighbor, 161.
the 52 side chain is indicated for the thrgerotamers (p, Substitutions at the NHB neighbor 61 also produce large
m, and t) for native side chains jfrsheets (see legend of changes in 52R1 mobility, suggesting important side-chain
Figure 6 for definitions). interactions. Figure 8A shows again the spectrum of 52R1

To identify the interaction responsible for the immobilized with the native neighbors for reference. Figure 8B shows
component in the spectrum of 52R1, and to identify the origin the remarkable effect of replacing the nati@eoranched
of the unusually high order of the second component, isoleucine side chain with leucine. The immobilized com-
neighboring residues were mutated. Inpfastrand, the ponent, tentatively assigned to interaction of R1 with E41,
intrastrand neighbors on the same surface are typically 8.5 disappears. The spectrum of 52R1/I161L can be fit by a single
A away (G—C,), depending on the degree of pleating, population undergoing anisotropic motion similar to that of
compared to 455.5 A for the NHB and HBinterstrand the ordered state in 52R1, but with a reduced order parameter
neighbors. Thus, significant intrastrand interactions are not of o = 0.50. When 161 was replaced by either of two other
anticipated. To test this expectation, intrastrand residue I1503-branched residues, valine or threonine, a two-component
was mutated to either valine or leucine. These mutations spectrum characteristic of 52R1 resulted. In each case, the
produced no change in the spectrum of 52R1, suggesting nammobilized component is again present with properties
interaction between residue 50 and 52R1 (data not shown).similar to that in the spectrum of 52R1, although it is present
On the other hand, mutations at either 41 or 61 producedin larger proportion (Figure 8C,D, Table 2). The more mobile
dramatic changes in the spectrum of 52R1. component has the same anisotropic motion as the ordered

Mutations of the H-Bonding Neighbor, E4irst, consider component in 52R1. For valine, the order parameter is about
mutations at the HB residue E41. Figure 7 shows the EPRthe same as that for 52R1, while it is decreased for the
spectra for the various mutations at E41. The offset dotted threonine substitution (Table 2). These data demonstrate the
traces are again the simulated spectra. Figure 7A shows themportance of thgs-branch at 61 in producing a constrained
spectrum of the 52R1 with the native neighbors for reference. environment that gives rise to a highly ordered motion of
Figure 7B shows the spectrum of 52R1 in the mutant E41Q. R1. As will be discussed further below, it is likely that the
As is evident, the most immobilized component has es- immobilizing interaction with E41 is favored only in highly
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52R1/161T
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52R1/161L
52R1/161W

+

52R1/I61E Ficure 9: EPR spectra of CRBP 52R1 and indicated mutants that
exchange the HB and NHB neighbors.

Ficure 8: EPR spectra of CRBP 52R1 with the indicated side-

chain substitutions for NHB neighbor 161. The solid traces are A E41/52R1/161

experimental spectra, and the dotted traces are the least-squares D39/54R1/N59

best fits to the MOMD model (see Methods). At high concentra-

tions, the spectrum of (B) was concentration-dependent, suggesting B

oligomerization. The spectrum shown was recorded in dilute E41/52R1/161L

solution, where the line shape was concentration-independent. D39/54R1/N59

ordered states, because the entropy loss upon immobilization c

) D41/52R1/161

is reduced. D39/54R1/N59
Finally, Figure 8E,F shows the effect of replacing 161 by

tryptophan and glutamate, respectively. Replacement by D

tryptophan gives rise to a spectrum of 52R1 similar in type AR

to that found for 116R1 with a native tryptophan at the HB
site, and for 52R1 with tryptophan substituted at the HB
neighbor E41. Each is characterized by a population of
strongly immobilized nitroxide. Interestingly, replacement
of 161 by glutamate gives rise to a dominant population of
an immobilized component in the spectrum of 52R1 (60%).
Collectively, the above results suggest thgi-branched been replaced by a linear one (Figure 10B). As is evident,
residue at the NHB neighbor site produces a highly ordered the order of the 52R1/I61LF, ~ 0.5) still exceeds that of
state, and thus it cooperates with the carboxylate at the HB54R1. The fact that the difference in motion of 52R1 and
site to produce an immobilized component. Because the54R1 is not due entirely to the identity of the neighboring
fB-branch projects toward or away from R1, depending on side chains is dramatically illustrated in the “transmutation”
whether it is at the NHB or HB site, respectively (Figure 6), experiment of Figure 10C, wherein mutants of 52R1 and
the interaction should not be symmetric with respect to 54R1 were created that had identical NHB and HB neighbors.
exchange of neighbors. This is confirmed by comparison of Again, the spectra remain distinct, pointing to additional
the spectra for 52R1 with native neighbors and for the effects that must give rise to the distinction.
“exchanged” mutant E411/52R1/I61E (Figure 9A,B). Onthe  As shown in Figure 4A, residue 54 has a significant twist
other hand, for 52R1 without A-branched residue at the relative to 52. As will be discussed in detail below, this
NHB site, the motion is roughly symmetric with respect to causes the side chain of 54 to angle away from the NHB
neighbor exchange (compare Figure 9C,D). neighbor site ing4, presumably resulting in a reduced
Interactions of 54R1: Comparison with 52RAlthough interaction, thus offering a simple explanation for the
54R1 is the next solvent-exposed residue along the samegenerally lower order for the motion of 54R1 compared to
strand that contains 52R1, the EPR spectra, and hencehat of 52R1 (Table 2). Further evidence for the reduced
motions of the side chains, are very different. For reference, interaction of 54R1 with the NHB neighbor relative to 52R1
Figure 10A shows a direct comparison of the EPR spectrais provided in Figure 10D, which shows the much-reduced
for these two sites. The spectrum of 54R1 can be fit to an effect of a glutamate residue at the NHB site on the motion
anisotropic motion similar to that for the ordered component of 54R1 compared to 52R1.
of 52R1, but with much lower ordefSfy ~ 0.35; Figure 5, Interactions of 116R1Residue 116R1 is located 9 of
Table 2). The presence of tfiebranched residue at the NHB  the 58—510 sheet that has a right-handed twist (Figure 4),
site in 52R1 cannot entirely account for the difference in and it was selected for study to elucidate the origin of the
side-chain ordering, as shown by comparison of the 54R1 strong immobilization and examine potential effects of sheet
spectrum with 52R1/I61L, where tlfebranched residue has twist. For reference, Figure 11A shows the spectrum of

Ficure 10: EPR spectra of CRBP 52R1, CRBP 54R1, and the
indicated mutants thereof that isolate the effect of strand geometry
of side-chain motion.
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116R1

W109L/116R1

116R1/V129L

Ficure 11: EPR spectra of CRBP 116R1 with indicated side-chain
substitutions for HB and NHB neighbors. The solid traces are
experimental spectra, and the dotted trace in (B) is the least-squares
best fit to the MOMD model (see Methods).

116R1 with native HB and NHB neighbors, W109 and the

p-branched V129, respectively. Figure 11B shows that
replacing the tryptophan by leucine dramatically reduces the
most immobilized component, but the motion of the domi- :
nant population of 116R1 is still highly ordered in this mutant Ficure 12: EPR spectra of R1 at the indicated sites in edge strands

(S0 ~ 0.5; Table 2), with a motion very similar to that of —0f CRBP. The solid traces are experimental spectra, and the dotted
52R1/I61L G0 ~ 0.5; Table 2) traces are the least-squares best fits to the MOMD model (see

. . Methods).
Thep-branched NHB neighbor of 116R1 has only a minor

role in the immobilization of 116R1, as shown by the phackpone fluctuations in 14 and 73, the last residugsdin

spectrum in Figure 11C for the mutant 116R1/V29L, which and 86, respectively.

is very similar. to that for 1_16R1 itself. The data of.Figure Finally, residue 81R1 has a complex (multicomponent)

11, together with those of Figures 7F and 8E, clearly illustrate gnectrym suggestive of interactions of the nitroxide with the

the direct or indirect interaction of R1 with tryptophan at  gpyironment. The nitroxide ring of 81R1 is within interaction

either the HB or NHB site. Models for this interaction will range of a cluster of three acidic residues, namely D71, D73,

be considered below. and E100. Considering the interactions identified above for
R1 Motions at Selent-Exposed Sites in Edge Strards 52R1 with E41, a COQhitroxide interaction is a possibility

5, andp6. Strandsf4, 35, andf6 and the C-terminal half  for the origin of the more immobilized component in the

of strandpl are “edge” strands with hydrogen bonds to an spectrum of 81R1.

adjacent strand only on one side (Figure 3). The spectra of R1 Motions at Sites Facing the Ligand-Binding «@x.

R1 at sites in these strands are shown in Figure 12.Fjgure 13 shows the spectra of R1 residues at buried sites

Collectively, the spectra reflect much more homogeneous jn B1(13),83 (60, 62), angB9 (117, 119, 121). These spectra

motions compared to those for R1 in center strands (Figurerefiect a strongly immobilized nitroxide. Using the maximum

5), with all but one (81R1) reflecting a single dynamic mode. hyperfine splitting to estimate the correlation time of the
Most striking are the spectra of R1 fi# (59, 61, 63) and  nitroxide according to the simplified method of Fre@¥)(

at 71 inp5, where the line shapes are all similar to that for 60R1 and 62R1 are found to have~ 14 ns, close to the

R1 at a solvent-exposed site in a rigid helix, such as 72R1 correlation time for rotary diffusion of CRBP itself in

in T4L (Figure 1C). Indeed, they all can be fit with solutions of 30% sucrose & 20 ns at 295 K). Within the

parameters similar to those for the T4L 72R1 spectrum error of these estimates, it can be concluded that the buried

(Figure 12, dotted traces; Table 2), suggesting a similar nitroxides at sites 60 and 62 are essentially immobilized with

anisotropic motion for each of these side chaif)sA model respect to the protein, as expected. Considering the similarity
for the structural origin of this anisotropic motion/aedge in line shapes for the other buried residues, similar correlation
strands will be presented in the Discussion. times would be expected.

Although the EPR spectra for residues 14R1/i) and Figures 5, 12, and 13 together provide the data for

73R1 (inp5) appear quite different from those of R1 at the continuous R1 scans througd and$9. In previous work,
other edge strand sites, they in fact are best fit with the sameit was found that the inverse of the line width of the center
anisotropic motion with similar rates, but with reduced order line of the nitroxide spectrunHo 1) provides a semiquan-
parameters (Table 2). For example, 14R1 and 73R1 both havditative measure of nitroxide mobility. Figure 14A,B shows
So ~ 0.3, compared t& ~ 0.5 for 59, 61, 63, and 73. plots of this parameter along the sequenceg4fand 39,
This difference inS corresponds to a difference of only and the periodicity of 2 characteristic of tieconformation
~7° in the mean angle of motion of the nitroxide 2p orbital is evident.

and underscores the extreme sensitivity of the EPR line The solvent accessibility of the R1 side chain in a protein
shapes to detect small differences in motion. This relatively can be estimated from the collision rate of the nitroxide with
small difference could be accounted for by contributions from paramagnetic reagents in solutid?). Molecular oxygen
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Ficure 13: EPR spectra of R1 at the indicated buried sites in uZ_J 0.4
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and Ni(EDDA) are commonly used reagents for this purpose, 03 g
and the corresponding collision parameters, proportional to 0.35 ] g-f =
the collision rates, are designatEl{O,) andI1(NIEDDA). - 0304 0.0
Figure 14 also includes the sequence dependence of these < 0251
parameters, and it is evident that the periodicity matches that < 20
of the mobility. These data make a convincing argument that 0.15 -

the presence of the nitroxide side chain produces little

perturbation of the protein fold. ReS|due number

FicURE 14: Plots ofAH, ™%, T1(O5), andII(NIiEDDA) through4

DISCUSSION (A) and 89 (B).

In earlier studies, it was found that the EPR spectra of R1
in o-helical proteins could be understood in terms of the Because there is no other obvious energetic reason to prefer
rotamer structure and a simple model for the internal motion the{m.m} or {t,p} states over thém,§ or {t.,}, where the
of the side chain (Figure 1). The internal motion is modulated S iS moved away from the backbone, the data suggest an
by protein backbone fluctuations and interactions of the attractive interaction between the &d hydrogen atoms. It
nitroxide with the environment to generate a variety of is interesting to note that, in an early study, Scheraga reported

complex line shapes that can be deciphered to some exteng Similar interaction in disulfide bridge€9). In surveying
in terms of protein structure and dynamics. the much larger current database, Petersen et al. in 1999

The salient features of the spectral line shapes observeom”f'r'ﬁned the strong dominance of then,m} state for
in 3 structures can also largely be rationalized in terms of a disulfides G0).
simple model for the side-chain rotamers. However, unlike ~ The apparent S-backbone interaction is a central feature
the case for helices, the rotamer states for side chains inin determining the motion of the nitroxide ring, and hence
B-sheets are dictated by steric interactions with nearestthe EPR spectrum, because it greatly reduces the number of
neighbors. In describing the model, the m, p, t rotamer degrees of freedom for the internal motie). (n the absence
designation of Lovell et al. is adopted to avoid the confusion Of other interactions, such as tegnpentane effect31) or

that exists regarding the definition of @nd g states 28). tertiary contacts, thém,m}and{t,p} states will be taken as
The convention is illustrated in Figure 6 and described in the preferred states of R1, independent of secondary structure.
the legend, and will be used to designate bgthand y. In interior strands off-sheets, the p state gf for R1 is not
dihedrals of R1. Thus, rotamers will be designatefirag}, favorable, due to direct steric clash of R1 with the HB
for example. neighbor. Only at edge strands missing the HB neighbor is

For R1 at solvent-exposed sites dnhelices, both the ~ the p state possible. Thus, in modeling R1 in CRBP in
{m,m} and the{t,p} states are observed in crystal structures interior strands, only m and t states fpr are considered.
of spin-labeled T4L, with the former apparently being Motion of R1 at Salent-Exposed Sites in an Interior
preferred 8; M. Fleissner, M. Sawaya, D. Cascio, and W. Strand of a Flat SheetConsider first the R1 side chains at
Hubbell, unpublished data; Z.Guo, D. Cascio, and W. solvent-exposed sites in center strands with no twist. This
Hubbell, unpublished data). In both of these states, the S situation is represented by residues 50 and 52 in s{f&nd
atom is within ~3—3.75 A of the GH hydrogen atom.  The EPR spectrum of 50R1 (Figure 5B) is best fit with two
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50R1{m,t}

E41

Ficure 15: Molecular models of 50R1 (A), 52R1 in tHen,t}
configuration (B), and 52R1/161V in th&t,t} configuration (C).

In each, the left-hand panel is a top view, looking nearly down the
disulfide axis, with the nitroxide group removed. The right-hand
panel is a side view, with the nitroxide in place. Side chains are
color-coded as follows: hydrophobic, yellow; acidic, green;
glutamine, asparagine, histidine, orange; threonine, cyan; tryp-
tophan, magenta. In (B) and (C), right-hand panels, HB neighbor
E41 is colored according to atom type. In (C), right-hand panel,
the 4H atom of the nitroxide ring is colored magenta.

components (Table 2), but the component witk 2.2 ns,
S~ 0.27 strongly dominates (90%). This rate is similar to
R1 at the solvent-exposed helix site TAL 72R}R{ 2.1 ns,
S = 0.47), but the order is significantly less, and this is
clearly reflected in the difference in the respective EPR

spectra (Figures 1C and 5B). The reduced order in the motion

of 50R1 relative to T4L 72R1 can be understood in terms
of the local structure around the site in the interior of a flat
p-sheet, where the &2-Cg bond vector lies roughly parallel

to those of its neighbors. This geometry creates a sufficiently
crowded environment where the favored rotamérs,m}
and{t,p}, cannot be formed due to severe steric clashes with

the NHB site, the closest neighbor. Rather, the side chain is

forced into the{m,t} or possibly the{t,t} state, where the

Sy sulfur of the disulfide cannot contact main-chain atoms,
and the interaction that gives rise to the ordered motion at
helical sites is lost. Instead, the-S bond projects away
from the backbone.

A model of 50R1 in thd m,} configuration is shown in
Figure 15A. The left panel shows a top view with the
nitroxide ring removed, so the environment of the nearly
vertical disulfide is clearly seen. Although the environment
is crowded enough to prevent formation{oh,m} and{t,p}
rotamers, there is sufficient room to allow torsional oscil-
lations abouty; andy, that are damped at-helical sites
due to interaction of Swith the backbone. This accounts
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for the rather paradoxical result that the more crowded
environment at #-sheet site results in a less ordered motion
at 50R1. The right panel in Figure 15A shows a side view
of the site, viewed from the HB neighbor, showing that the
nitroxide itself projects beyond the neighboring side chains,
allowing relatively free motion abouyt, and ys. The {t,t}
rotamer can also be formed in 50R1 and leads to conclusions
similar to that for the{m,} state.

Interestingly, the next residue along the strand, 52R1, has
a complex spectrum that reflects two dynamic states of the
side chain (Figure 5C). Unlike 50R1, the dominant state
(90%) has a strongly ordered motian4 1.3 ns,So~ 0.7),
the order parameter of which exceeds that for T4L 72R1.
The minor population is immobilized, with a correlation time
roughly equal to that for the rotary diffusion of CRBP. What
is the structural origin of the highly ordered state? The data
of Figure 8 show that g-branched residue at the NHB
position is necessary for the highly ordered motion. This
result can be rationalized in terms of the model shown in
Figure 15B. The left panel again shows a top view with the
nitroxide removed, with R1 in thém,t} configuration. A
comparison with Figure 15A, left panel, clearly shows that
the environment around the disulfide of 52R1 is more
crowded. The bulky3-branched isoleucine residue at NHB
neighbor 61 makes contact with the disulfide and greatly
reduces the volume in which the disulfide can move. It is
likely that the E41 HB neighbor also contributes to con-
straining the disulfide by direct interaction (as can be seen
in Figure 15), because substitution of E41 leads to a reduction
in S of the ordered component (Figure 7, Table 2), in
addition to causing loss of the minor immobilized component.
In addition, L54 can apparently make contact with 52R1
because the terminal end @kstrand 3 curves upward,
causing L54 to project toward 52 (see Figure 4). Taken
together, these interactions strongly constrain the motion of
the disulfide, giving rise to the highly ordered motions
observed. It is important to note thatbranched residues
have an effect only at the NHB site, because at the HB site
the branch substituents point away from the residue. This is
shown most clearly by the fact that “swapping” NHB and
HB neighbors has a strong effect when one is branched, but
little if neither is branched (Figure 9).

The results of the systematic mutagenesis of the HB
neighbor of 52 (E41), shown in Figure 7, suggest that the
minor, strongly immobilized component arises from a polar
interaction (H-bonding; electrostatic) with the nitroxide.
Thus, replacement of E41 by glutamine, lysine, or threonine
essentially eliminates the immobilized component, whereas
replacement by aspartate increases the interaction. Moreover,
substitution of the NHB neighbor with glutamate, so that
both neighbors bear carboxylate groups, makes the im-
mobilized state dominant (Figure 8F). Crystal structures of
the T4L mutant 75R1 revealed an unusuat-i--O
hydrogen bond between tyrosine and the 4H atom on the
nitroxide ring. One of several possibilities for the interaction
is then a similar hydrogen bond to glutamate in place of
tyrosine. This possibility is modeled in Figure 15C, right
panel, for the E41/52R1 interaction.

The-branched residues valine and threonine also produce
a strongly ordered state when substituted at 61, and result
in an increase in the immobilized population. Consider the
valine substitution that produces a dramatic increase in the
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population of the immobilized state from 6 to 43%, while
the strongly ordered state is about the same as for isoleucine
(S0 ~ 0.71). This interesting result may serve to identify
the rotamer of R1 that corresponds to the immobilized state.
Figure 15B,C compares the structures around site 52 for 161
and the 161V mutation. For 161, the favored rotamer is clearly
{m,t}, because in the other possible stdtg}, direct steric
clash of the $ occurs with the ¢ carbon of isoleucine

(colored magenta in Figure 15B). On the other hand, Figure |

15C shows that, in 161V, thém,t} and{t,t} rotamers are
equivalent, due to the symmetrical structure of valine (the
{t,t} state in 161V has the same structure shown in Figure
15B). Thus, it is likely that th€t,t} rotamer is the one in
which the nitroxide interaction occurs with E41. Indeed, the
model in Figure 15C, right panel, shows that in ¢t}
state, the 4H atom of the nitroxide ring is in close apposition
to the E41 carboxylate. It is also evident that the opportunity
exits for several hydrophobic interactions. Within the context
of this model, the two dynamic states of 52R1 then represent
an equilibrium between thgm,tt and{t,t} configurations.

Substitution of threonine, which is nearly isosteric with
valine, should produce a similar effect when substituted at
61, and indeed this is the case. The 161T mutant results in
an increase of the immobilized component from 6 to 34%,
but the ordered state has a lower ord®s € 0.56) compared
to valine or isoleucine. This could be accounted for by a
reduced van der Waals interaction of a®H group with
the S sulfur compared to a-CHjs group.

The data of Figure 8 show that/branched residue at
the NHB position gives rise to a highly ordered state and is
necessary to observe the immobilized component. The reaso
the constraining interaction of thg-branched residue is
required for the immobilized component is a matter of
speculation. The proposed interaction with nitroxide ring that
produces the immobilized state is a weak one. Using the
populations estimated from spectral simulation of 52R1 given

Lietzow and Hubbell

w

48R1{t, 1}

54R1{m,m)

Ficure 16: Models of 48R1 (A) and 54R1 (B) in tHam,f} and
{m,m} conformations, respectively. The color code for the amino
acids is the same as in Figure 15.

is relatively open, allowing motion of the entire R1 side
chain.

The EPR spectrum of 54R1 reflects an anisotropic, weakly
ordered & = 0.35) motion characteristic of R1 at solvent-
exposeda-helical sites. The origin of this motion can be
understood in terms of the topology of the protein around
the site. The positive twist of 54 causes the side chain to
point away from the NHB neighbor N59 (Figure 6), relieving
steric constraints and allowing the formation of the preferred
{m,m} conformation, as shown in the model in Figure 16B.
As mentioned above, in this rotamer thga&om can make
contact with the @H hydrogen (magenta in Figure 16B),
constraining the disulfide and giving rise to the anisotropic
motion. Thus, the motion of R1 is strongly dependent on
the topology of the sheet, a result that is further emphasized
in the “transmutation” experiments shown in Figure 10.

Motion of R1 at Salent-Exposed Sites in the Interior

"Strand of a Twisted SheeThe sheet containingg9 is

characterized by a right-handed twist. The twist in the
individual strands near the site of interest determines the
proximity of the important NHB neighbor and the preferred
rotamer abouj, y2. For example, the twist i10 causes
NHB neighbors to point away from residues 114 and 116,

in Table 1, the free energy of forming the immobilized 54 15 5 lesser degree, away from 118 and 120. These
component from the ordered rotamerist-1 kcal/mol. Thus, — fo54res can be qualitatively appreciated from Figure 4B.
the enthalpy difference of the immobilizing interaction is Figure 17A-D shows models of R1 at 114, 116, 118, and
insufficient to overcome the entropy loss. In this case, the 120, respectively. In each, the left-hand panel is a top view
entropy loss from a less ordered state, such as that for R1 in, . the nitroxide removed. As can be seen, the twist of
the presence of a nonbranched residue at the NHB site, WOUIdadjacent stran@10 allows sufficient room to form thm,m}
make the free energy change so unfavorable that thegamer at 114 and 116, but not at 118 and 120, where only
interaction may not be observed. the {m,f} state can be formed due to steric clash of the S
Residues 48 and 54 are of interest, because they are thevith the NHB neighbor in thé m,m} state. The right panel
first and last residues i3 and have positive twistg(+ y in each shows a side view displaying the environment around
> 0, wherep andy are the backbone dihedral angles) that the nitroxide ring.
distinguish them from other residues in the strand (Figure In the{m,m} state of 114 and 116, the disulfide contacts
4A). The EPR spectrum of 48R1 is complex and best fit by main-chain atoms, constraining motion of the disulfide. In
two components, both weakly ordered. The dominant addition, the nitroxide ring is closer to the backbone, creating
component has a correlation time~ 5 ns. Because the an opportunity for interactions with neighboring side chains.
intrinsic correlation times for the nitroxide motion due to Inthe{m,t state of 118 and 120, the disulfide cannot contact
oscillation about internal bonds apparently lie in the range the backbone, and the nitroxide projects above the level of
of 1—2 ns @), this slow motion may arise from fast exchange the neighboring side chain, giving rise to greater motional
between states having weak interactions of the nitroxide ring. freedom.
Figure 16A shows a model of 48R1 in thgt} state, where The EPR spectra of these residues are qualitatively in
possible hydrophobic interactions can occur with V43, as harmony with the models. Thus, 114 and 116 have ordered
well as a possible H-bonding interaction with D48. Although and immobilized R1 side chains, respectively, while 118 and
the NHB neighbor (Q65) projects away from 48R1, steric 120 have highly mobile R1 side chains. In 114R1, the
clash of the $ with Q65 is still sufficient to preclude  dominant spectral component has an order parametgy, of
formation of the{ m,m} conformation. Nevertheless, the site =~ 0.58, likely due to constraints on the disulfide arising from
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114R1{m,m} 61R1{p,m}

R52

L54

151

N5

D63

Ficure 18: Molecular model of the edge strand residue 61R1. The
left-hand panel has the nitroxide removed, viewed from the top.
The right-hand panel is a side view, including the nitroxide ring.

the model in Figure 17B shows the direct contact of the S
sulfur with W109. The ordering of the 116R1 side chain in
the W109L mutant is essentially that expected on the basis
of the disulfide-backbone interaction in them,m} state.
The small, immobilized component in W109L could arise
from interactions with nearby glutamates 111 and/or 114.
Simulations of the EPR spectrum for 118R1 suggest a low
ordering of the side chairSfy ~ 0.2), consistent with the
model of the{ m,t} state shown in Figure 17C. In this state,
interactions of the disulfide with the backbone are absent,
and some motion aboyt, - is allowed. Here, the nitroxide
ring projects well above the level of the nearest side chains,
and torsional oscillations aboyt, ys would be unimpeded
by tertiary interactions. The very mobile state of 120R1 can
be accounted for in the same terms. In this case, the motional
freedom is expected to be even greater due to the presence
Ficure 17: Molecular models for the solvent-exposed residues in Of three glycine residues among the nearest neighbors.

9. In each part, the left-hand panel shows a top view of the sheet,
with the nitroxide removed. The right-hand panel shows a side view
with the nitroxide ring in place. The color code is the same as in

Figure 15.

Motion of the R1 Side Chain at $eht-Exposed Sites in
Edge StrandsResidues in edge stranfg, 54, 55, ands6
were investigated. The most striking pattern of motions is

revealed in the EPR spectra of R144 andf5, where the

a combination of the interaction of the backbone and the line shapes reveal an anisotropic, ordered motion very similar
NHB side chain (Figure 17A, left panel). This degree of order to that observed for R1 ia-helices (Figure 12). As described

is similar to that seen in various E41 mutants of 52R1. above, this motion occurs in rotamers where the disulfide is
Although the R1 rotamers are different, the fundamental relatively immobilized, either by constraints imposed by the

origin of the order is the same, namely constraints on the €nvironment, as in 52R1, or by interaction with main-chain

disulfide. The second component of 114R1 is highly mobile,
with essentially no ordering. This may arise from the
existence of a second rotamer, possibm,t}, which is
readily formed.

atoms, as in 54R1, 114R1, andanhelices.

The solvent-exposed edge strand sites are unique in that
they are missing the neighbor at the HB site. At each site,
the NHB neighbor lies in close proximity, precluding the

The EPR spectrum of 116R1 is dominated by a highly formation of the{m,m} state. As shown in Figure 18, this
immobilized state. Site 116 is a special case due to thesituation should favo{p,m} or {p,t} rotamers, where the
presence of W109, which provides a highly constrained disulfide projects directly toward the missing HB neighbor.
environment (Figure 17B). Not only is the disulfide highly In the {p,m} state, shown in the figure, the, Stom
constrained due to interactions with the backbone and VV129,approaches the NH hydrogen within about 3 A, the same
but also the nitroxide can make multiple contacts with distance as that between &nd the GH hydrogen in the
neighboring residues, two of which are glutamates (111, 114).{m,m} state. Assuming a similar attractive interaction, the
Mutation of W109 to leucine results in a dramatic reduction disulfide would be constrained, accounting for the experi-
of the strongly immobilized component. Simulations (Figure mental results. Indeed, the order parameters for R1 at 59,
11, Table 2) show that an immobilized state is now only 61, 63, and 71 are all abo&~ 0.48, identical to that for
10% occupied, and the dominant state has an ordered motiorR1 at TAL 72R1. In th¢p,t rotamer, one would expect a
similar to that of 114R1. In the native structure, W109 is more mobile, less ordered state, perhaps like that of 118R1.
salt-bridged/H-bonded to E111, the residue that makes the Interestingly, the spectra of 14R1 and 73R1 have very low
most extensive contacts with the nitroxide (Figure 17B). order &0 ~ 0.3 for each), even though the sarfem}
Removal of W109 would allow repositioning of 111, and rotamer can be formed as for the ordered R1 residues
consequent loss of interaction with 116R1. In addition, it is discussed above. It is likely that this can be accounted for
interesting to note that the most commonly observed neighboron the basis of backbone motion. Indeed, both 14 and 73
of half-cystine residues in proteins is tryptophan, suggesting have S values for the NH bond vector significantly below
an attractive aromatiedisulfide interaction 30, 32). Indeed, the average value of other residues in edge strands in CRBP,
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ordered motion occurs similar to that for R1 at solvent-
exposed helix sites.

In a highly ordered state, weak interactions of the nitroxide
ring with nearest neighbors can occur, leading to relative
immobilization of the nitroxide with respect to the protein.

E71
;. \ \ In the present work, an apparent interaction with a carboxyl-
V-

g71  81R1

ate group was identified at site 52, and similar interactions
were implicated in the immobilization at several other sites.

. 19: Molecul del of edae strand 81R 1. showi ol At solvent-exposed sites in edge strands where the HB
IGURE 19: Molecular model of edge stran , showing possible i ‘e micai i
origins of interactions. The dashed lines show backbone H-bonds neighboris missing, thep,m} and{m,¢ states are possible.

illustrating that 81 is the final residue that can be considered an’ For such sites, the nitroxide motion is ordered, apparently

edge strand. due to constraints on the disulfide motion due to interaction
with main-chain atoms. Again, strand twisting can reduce

as determined b¥N NMR relaxation methodsl@). It is of interactions with the NHB neighbor, permitting thien,m}

interest to note that the difference in order parameter for the state to become occupied.

nitroxide ring between the ordered sites in edge straidds The validity of this working model remains to be tested

andp5 (S~ 0.48) and in 14 and 734, ~ 0.3) corresponds  through the determination of crystal structures of suitable

to a difference in the mean angle of fluctuation of the 2p spin-labeled proteins. Under any circumstances, it is apparent

orbital of the nitroxide of only~5°. For comparison, the that R1 motion ins-strands is strongly modulated by side-

mean angular difference for the NH bond vector motion chain interactions. Given the extreme sensitivity of the EPR

between residue 14 and the average value for residygs in  spectra to side-chain motion, and the dependence of side-

andp5s is ~3°. chain interactions on strand twisting, it seems likely that
The spectrum of 81R1 requires two components for a S_DSL will be a_useful a_pproach for monitoring conforma-

reasonable simulation (Figure 12G). The dominant compo- fional changes iri-proteins.

nent (70%) appears to be in relatively rapid motion and

weakly ordered ~ 3.7 ns,S0 ~ 0.33), while the second ACKNOWLEDGMENT
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