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ABSTRACT. To test whether distances derived from paramagnetic broadenitiy dfeteronuclear single
quantum coherence (HSQC) resonances could be used to determine the global fold of a large, perdeuterated
protein, we used site-directed spin-labeling of 5 amino acids on the surfaétl-tdbeled eukaryotic
translation initiation factor 4E (elF4E). elF4E is a 25 kDa translation initiation protein, whose solution
structure was previously solved in a 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate
(CHAPS) micelle of total molecular mass45—50 kDa. Distance-dependent line broadening consistent
with the three-dimensional structure of elF4E was observed for all spin-label substitutions. The paramagnetic
broadening effects (PBEs) were converted into distances for modeling by a simple method comparing
peak heights if®N-HSQC spectra before and after reduction of the nitroxide spin label with ascorbic
acid. The PBEs, in combination with HNHN nuclear Overhauser effects (NOEs) and chemical shift
index (CSI) angle restraints, correctly determined the global fold of elF4E with a backbone precision of
2.3 A (1.7 A for secondary structure elements). The global fold was not correctly determined with the
HN—HN NOEs and CSI angles alone. The combination of PBEs with simulated restraints from another
nuclear magnetic resonance (NMR) method for global fold determination of large proteins (methyl-
protonated, highly deuterated samples) improved the quality of calculated structures. In addition, the
combination of the two methods simulated from a crystal structure of am-ldlical protein (40 kDa
farnesyl diphoshphate synthase) correctly determined the global fold where neither method individually
was successful. These results show the potential feasibility of obtaining medium-resolution structures for
proteins in the 46100 kDa range via NMR.

There has been an increase in research aimed at calculatingeriments promise to extend the theoretical limit for back-
global folds of proteins with the limited NOHlata obtained ~ bone assignment to beyond 100 k[® §). However, the
from deuterated samples)( The motivation is the molecular  high levels of deuteration required to increase the relaxation
weight size gap between what can be sequentially assignedimes of the aliphatid3C-carbon resonances remove most
and for what a sufficient number of NOEs can be determined of the side-chain protons for NOE analysis. The most simple
for structure calculations. Backbone resonances in macro-methodology for global fold determination is to use the

molecular systems as large as 65 kDa have been assignegemaining NOEs between nitrogen-attached protons (HN)
with deuterated samples?)( and recent advances with  that can be obtained from 3D or 41N-NOESY—HSQC
transverse relaxation-optimized spectroscopy (TROSY) ex- experiments of a deuterated prote®). (This limited subset

u— . v . he NI (GM47467 and of NOEs results in very poor quality structures that in many
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diphosphate synthase: HN. hydrogen bonded to nitrogen: HSQC, determined with varying success. Measuring residual dipolar

heteronuclear single quantum coherence; INEPT, insensitive nucleic OUPIiNgs in partially oriented systems(Q;, 1] is also a
enhanced by polarization transfer; TROSY, transverse relaxation- promising technique for studying large proteins. Most

optimized spectroscopy; MTSL, (1-oxyl-2,2,5,5-tetramethypyrro- applications of residual dipolar couplings to date, however,
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PCR, polymerase chain reaction; SDSL, site-directed spin-labeling. nation with NOE data, and it has not been demonstrated how

10.1021/bi000060N CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/09/2000



5356 Biochemistry, Vol. 39, No. 18, 2000 Battiste and Wagner

well the orientation information alone would determine A
protein structures. Nevertheless, new or complementary 10 20 30 40
methods are needed for obtaining restraints for modeling MSVEEVSKKFEENVSVDDTTATPKTVLSDSAHFDVKHEEN
calculations in the absence of extensive NOE data.

It has long been recognized that distance-dependent line —KEiWMO
broadening of nuclear magnetic resonances can be observed B1 o B2 poy
in protein samples containing paramagnetic electrons (either 90 100 110 120
from metals or nitroxide spin labels; reviewed in résand znmmnﬁ-am{vnmm-m_i
13). However, few attempts to incorporate the broadening p3 a3 p4 =

; : X . 130 140 150 160

effect into distances for modeling calculations have been R | I
reported 14, 15. In most cases, such distances would be od * “mnsgm?m
unnecessary or redundant given the quality of protein 170 180 190 200
structures obtained from NOE-derived distances. However, -xsénm-n'm_pi
they may be useful in situations where structural information pe * o5 ¥ BT *
from NOEs is limited, such as for large proteins. The 210
usefulness of nitroxide spin labels has already been demon- Esums-
strated in another situation where NOEs are limited, which B

is the unfolded state of staphylococcal nucleabg, (L§.
Hydrogens attached 6N remain protonated in deuterated
proteins after exchange with,8 and can be used as probes
for distance-dependent broadening via site-directed spin
labeling (SDSL) 17). We wished to determine whether
distances derived from paramagnetic broadening®sf-
HSQC resonances via SDSL could be used to calculate the
global fold of a protein with limited NOE data.

The 25 kDa yeast translation initiation protein elF4E was
used as a model system for several reasons. A high-resolution
structure of elF4E has been determin&8) @nd can be used
as a reference for all spin-label calculations (Figure 1C). In
addition, to prevent aggregation yeast elF4E requires a
CHAPS micelle of a total molecular weight of approximately
45 kDa (18). Therefore, the resonances of elF4E have
relaxation properties similar to the size protein to which the
technique will ultimately be applied. Last, wild-type elF4E
contains no cysteines, so introduction of single-cysteine
mutations for attachment of the spin label was simplified.
Five samples containing spin labels attached at different
residues were used to obtaih00 semiquantitative restraints
for modeling calculations. These spin-label restraints, along
with HN—HN NOEs obtained from'N-edited NOESY
spectra and loose backbone angle restraints for secondaryicure 1: Sequence and location of spin label modifications in
structure elements, correctly determined the global fold of elF4E. (A) Protein sequence of yeast elFAE (single-letter code).
elF4E. Comparisons are also made to the methyl-protonationsecondar,y structure elements are shaded and labeled. Amino acids
method using simulated restraints for elF4E and the proteinwhere spin labels are attached are marked with an asterisk. (B)

Chemical structure of the spin label reagent MTSL and the disulfide

farnesyl diphosphate synthase. bond adduct formed with a single cysteine. (C) Ribbon diagram of
the structure of elF4E bound to the cap analoguéGbP
MATERIALS AND METHODS (determined by NMR). The positions of the side chains used for

attachment of the spin label (after mutation to cysteine) are shown
Sample PreparationSingle-cysteine mutations of yeast in black.

elFAE (which contains no wild-type cysteines) were made
by the Quick Change mutagenesis protocol utilizing whole- was added from a concentrated stock in acetonitrile at a molar
plasmid PCR (Stratagene). The five mutants were arginine ratio of 3-5:1 MTSL:protein and incubated at room tem-
120 (R120C), arginine 132 (R132C), serine 169 (S169C), perature for 1216 h. Unreacted protein (with free sulfhy-
aspartate 190 (D190C), and serine 200 (S200C). All muta- dryls) was removed by passage over an organomercurial SH-
tions were confirmed by DNA sequencing of the entire open affinity column (Bio-Rad). Excess MTSL reagent was
reading frame. Protein mutants were overexpressed from aremoved by dialysis at 4C for 24 h into NMR buffer (50
pGEM.2 vector on minimal medium enriched witfN- mM NaPQ, pH 6.5, and 50 mM KCI). The modified protein
ammonium chloride and purified as describdd®)( After was concentrated to 2500 L for NMR. The nondena-
elution of the protein from an fBDP affinity column (with turing detergent 3-[(3-cholamidopropyl)dimethylammonio]-
excess MGDP), the protein was modified with the spin-label 1-propanesulfonate hydrate (CHAPS) was added to a final
reagent MTSL that attaches the nitroxide spin label via a concentration of 25 mM to stabilize the protein. Final protein
disulfide bond to the single cysteine (Figure 1BJ) MTSL concentrations ranged from 0.2 to 1.0 mM.
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NMR SpectroscopyN-HSQC experiments were acquired of the intrinsic R2) and spin contributionR2sP)
at 25°C at either 500 or 750 MHz. In many casé3\-
TROSY experiments3) were also acquired for comparison. R2* = R2 + R2*P 3)
Total experiment times were typically £18 h. All experi- o _ o
ments were repeated after the spin label was reduced withSubstituting eq 3 into egs 1 and 2 and then combining, the

2—3-fold excess ascorbic acid, adding-2 uL from a intensity ratio for a particular amide proton is equal to
concentrated stock (dilution1%). Samples were placed in <
the magnet at 28C for at leas 1 h to ensure complete lox _ R2 exp-R2™M) @)
reduction of the spin label. lred R2 + R2%P

r =

NMR Analysis Two-dimensional spectra were processed
and analyzed with the programs nmrPipe and nmrDa) ( The intrinsicR2 relaxation rate for each amide was estimated
For peak fitting analysis (see below), spectra were processedrom the reduced spectra and along with the measured
with only 5—10 Hz exponential broadening in each dimen- intensity ratios was used to linearly fit f&2sP.
sion, linear predicted 2 points in the'>N dimension, and Paramagnetic rate enhancemeri&f) were converted
zero-filled to 4096 x 1024 data points int; and tj, into distances by use of the following equation for the effect
respectively. Spectra were fit with the program nlinLS, of paramagnetic spins on nuclear magnetic relaxati@® (
provided as a part of nmrDraw. Lorentzian models were used 21):
for the fitting in each dimension, starting from values
obtained from the peak-peaking routine in nmrDraw. Inten- K / 37, e
. . . : S 4t + (5)

sity (peak height) ratios of cross-peaks in oxidized (para- stp\ ¢+ 022
magnetic) versus reduced (diamagnetic) spectra were ex- hte
tracted ffom the peak fitting. Intensity ratios were normalized oo js the distance between the electron and nuclear
by averaging the yalues for a'.“'dego A away fro.m the spins, z¢ is the correlation time for this electremuclear
y-carbon at the site of Fhe spin label, as detgrmmed from interaction,wy, is the Larmor frequency of the nuclear spin
the known three—d|men3|qnal_structurg._For amides that were proton), andK is 1.23 x 10732 cmf 52 (12) composed of
l:_)rqadened beyonq dete'ctlon in thg oxidized spectra}, an uppeéhe following physical constants:
limit for the intensity ratio was estimated as the noise in the
oxidized spectrum divided by the intensity in the reduced 1 .
spectra. Intensity ratios were converted into a paramagnetic K=+ 1y'gp (6)
relaxation rate enhancements Ry estimating the ad-
ditional relaxation needed to reduce the intensity of the wherey is the nuclear gyromagnetic ratigjs the electronic
diamagnetic sample by the calculated ratio (equations below).g factor, andj is the Bohr magneton. For calculating
Relaxation during all periods of the HSQC whétt is in distances, the approximation was made thatas equal to
the transverse plane was considered, including the INEPTthe global correlation time of the protein.
and acquisition periods. Potential relaxation differences Three classes of distance restraints were utilized for
between in-phase and anti-phdse magnetization I and structure calculations. Peaks with an intensity rati0.85
IxN,) were ignored. Peak intensity reduction can also occur and detectable in the oxidized spectra were restrained as the
through R1 relaxation of’H during thet; evolution time  calculated distance: 4 A bounds ¢ 3 A bounds were also
(I:Ny); however, paramagnetic-induceldl relaxation is  tested). Severely broadened peaks not detectable in the
typically insignificant compared to th&®2 effects (6). oxidized spectra were restrained with no lower bound and a
Relaxation effectsR2 or R1) on >N nuclei from the spin target distance estimated from the noise in the spectrum plus
label were considered to be negligible comparedtto an upper bound of 4 A. Peaks with an intensity ratie.90
due to the much lower gyromagnetic ratio (eq 6; see were restrained with no upper bound, a target distance
below). calculated from an intensity ratio of 0.90, and a lower bound

During the INEPT delays the intensity of the magnetization of 4 A. The distances in modeling calculations were
is proportional to (ignoringJ-evolution terms, which are  restrained from the nitrogen atom of the MTSL ring to the

constant and cancel) hydrogen atom detected in the HSQC. For side-chain NH
groups of asparagine and glutamine, the two distances were
lx~ expER2*t) and I~ exp—R2t) (1) averaged, a correctiorf @ A was added, and the distance

was restrained to a psuedoatom positioned between the two
wherelx andleqare the peak intensities (heights) of oxidized amide protons.
and reduced resonances, respectivelg, the total INEPT Simulated RestraintOne NMR method for global fold
evolution time of the HSQC~9 ms), andR2* and R2 are determination of large proteins is to selectively protonate
the transverse relaxation rates for oxidized and reduced amidemethyl groups in an otherwise highly deuterated prot@jn (
spins, respectively. Similarly, the intensity (peak height for We wished to compare this method to the spin label method
Lorentzian line atw = wo) in the directly detected proton on the same protein. Therefore, methgiethyl and HN-

dimension of the HSQC is proportional to methyl NOE distance restraints were calculated for elF4E
as describedd). These simulated NOE data sets are intended
|~ 1 and |~ 1 ) to approximate NOEs that would be observed for a highly

ox ™ Ro* red ™ R2 deuterated, methyl-protonated protein sam@e Actual

methyl NOEs determined from previous NMR analysis were
The total electron spin-enhanced relaxation rate R2* is a sumnot used for these data sets.
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To hypothetically test the spin-label method on another secondary structure and hydrophilicity patterns should be
protein, simulated distance restraints were generated forsufficient for introduction of spin labels with a high level of
farnesyl diphosphate synthase (FPS; PDB accession codeuccess. EPR studies have shown that the nitroxide spin label
1fps) with the elF4E results as a guide for the number and MTSL is readily introduced into all secondary structure
type of restraints that would be expected. Spin labels wereelements (particularly helices) and in general does not
introduced into the crystal structure coordinates approxi- significantly perturb protein structur2).
mately every 30 residues at positions on the surface of loops Nevertheless, a concern for high-resolution work is

or helices (29, 64, 92, 122, 151, 176, 203, 240, 269, 298, \hether the spin-label modification significantly disrupts the

334, 360). The spin-label side c?ain was placed in an nrotein structure. Two criteria were applied to ascertain
extended conformation (dihedrgfs—y° all ~180°). The only  hether the three-dimensional fold of elF4E was perturbed

except_ion was residue 269, which re_:quire;g_i angle c.’f_GOO . by mutation/modification. The purification procedure con-
to avoid van der Waals overlap with adjace_nt side chains. (5ins an affinity chromatography step with an’GDP
Distances were then measured from the nitrogen atom ofcolumn. Binding of MGDP is a major function of elF4E in
each nitroxide to the hydrogen of all amides (including side \;, * ang successful purification of the single cysteine
chains). Distances were also measured to the carbon aldM3ariants indicates that the global fold is not disrupted by

of methyl groups of Val, Leu, Ala, and lle/2 only). Fifty mutation (affinity column is before spin-label modification).

percent of all distances were randomly removed to aP- The effect of the spin-label modification on the protein
proximate spectral overlap. Distances were separated into

three classes, as described above, wills A upper bound structure was ascertained from chemical shift analysis of
[l I 15N — i P 1
only, 15-23 A upper and lower bound, arel23 A lower N—HSQC spectra. Amide proton and nitrogen chemical

bound only. Methykmethyl, HN-methyl, and HN-HN shifts are very sensitive to three-dimensional structure and

NOE restraint | ted iously d ib qsjhould not be affected if the structure of the protein is
) restraints were aiso generated as previously describeq, ,aitered by spin-label modification. Of course, introduction

] of the spin label will have some effects on the chemical shift

Structure CalculationsStructures of eIF4E were calculated ot amides in the proximity of the spin-label side chain, but

in two stages by the program XPLOR 3.851 on R10000 ihege effects should be minimal and localized to a very small
Indigoll Silicon Graphics workstations. First the “apo”

; - region around the mutation site. Generally, some large
structure of the protein Was_calculated, followed by_lntroduc- chemical shift changes were observe@—3 residues (in
tion of the mMiGDP cap in a random orientation and

: : sequence) around the spin label site, as would be expected
reannealing 18). Parameters for the apo calculation were

) from primary and secondary effects of side-chain mutation,
48_ 000 steps of 5 fs at 3000 K, followed ?’y cqollng jto 300 \yhile the remainder of the protein had small chemical shift
K in 58 000 steps of 5 fs. For the calculations including the

changes<0.1/0.5 ppm in*H/*N (data not shown). Shifts
m’GDP “cap”, annealing was 50 000 steps of 3 fs followed ¢ bp ( )

. ! were small enough that the spin-labeled elF4E resonances
py coollngl tol 3(.)0 Kin 100 000 séeps ck)f 2|/fs. Fo/r&cc:)e constants e assigned by comparison to wild-type spectra. At regions
In apo cajculations were 25 an 10 keal/(md) rNOI_E remote from the spin label in three-dimensional space,
and PBE distances, respectively. Force constants in ca

Pechemical shifts were virtually identical in all modified
calculations were 45, 35, and 15 kcal/(md) Aor intermo- ; ; -
lecular NOE, intramolecular NOE, and PBE distances. proteins, while occasional moderate changes were observed

. in regions that would be in close proximity to the spin-label
respeciively. ) . side chains. For all spin-label modifications, we believe that
Parameters for simulated annealing of FPS were 50 000tne protein structure is not significantly altered and therefore
steps of 5 fs at 3000 K followed by cooling to 300 K in i not adversely affect the distances calculated. Almost
100 000 steps of 5 fs. Force constants were 25 and 10 keallyefinitely, the protein structure is not perturbed at the level
(mol A?) for NOE and PBE distances, respectively. of the backbone or global fold. Furthermore, the lack of

Converged structures were selected on the basis of lowesthemical shift changes implies that the nucleotide binding
total and restraint violation energies, as well as no restraint function of elF4E remains intact after modification.

violations greater than 0.5 A for NOEs and 0.8 A for PBEs. Distance-Dependent Line Broadening!#i-HSQC Spec-

15N]- 1 -

RESULTS AND DISCUSSION tra_. N _HSQSC was chosen to analyze paramagnetic broad
ening, sincéN-attached proton resonances are the only ones

Methodology of Spin-Label SubstitutionSive single- observable in a perdeuterated protein. In addition, the two-

cysteine mutants of elF4E were constructed for introduction dimensional experiment affords sufficient resolution for
of the nitroxide spin label MTSL at defined positions in the analysis of up to several hundred amides per spin-label
protein. These mutations are in loops or on the solvent- sample. Figure 2 shows sections of HSQC spectréf
exposed surface of helices (Figure 1). The positions werelabeled elFAE with spin labels at two separate positions.
designed to be in regions that would not disrupt the three- Different patterns of specific broadening, resulting in lower
dimensional structure of elF4E and cover a sufficient portion intensity cross-peaks, are observed for each spin-label
of the protein surface for modeling calculations (range of position, indicative of the three-dimensional structural in-
each spin label~20—25 A). While the known three- formation that can be extracted from the spectra. For the
dimensional structure was used to guide the spin-label 200 non-proline amino acids in elF4E, about 120 have
positions, it should be possible to successfully introduce spin sufficiently resolved cross-peaks to be used as quantitative
labels in a de novo system. The process of backboneprobes of paramagnetic broadening by the spin label. After
assignment of a double-labeled@/*>N) and perdeuterated removal of the N-terminal 37 residues that are unstructured
protein would determine the secondary structure. The and severely overlapped, about 120 out of 165 residues are
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Ficure 2: Regions ofSN-HSQC spectra of spin-labeled elF4E at 750 MHz—3) Spin label at residue 120; {EH) spin label at residue

200. Panels A, B, E, and F are oxidized or paramagnetic samples with a free radical on the nitroxide group. Panels C, D, G, and H are
reduced or diamagnetic samples taken after reduction of the spin label with ascorbic acid. Resonance assignments are given in the reduced
spectra. The suffixes andd1/62 indicate side-chain HN groups of tryptophan and asparagine residues, respectively. Numbers in oxidized
spectra are values for intensity ratidsleq) that are less than 0.85. For cross-peaks not detectable in the oxidized spectra, the values
indicate an upper limit for the ratio calculated by using the noise in the oxidized spectrum as the numerator.

available as probes. Of the 120 resolved resonances, orthan fitting of one-dimensional slices. The two-dimensional
average~30 were close enough to the spin-label probe to peak fitting was also important to obtain as many distance

produce a detectable intensity reductidg/(req < 0.85) in restraints as possible for modeling calculations by decon-
HSQC spectra. Similar results were obtained feR0 voluting intensity changes for partially overlapping peaks
resolved side-chain HN resonances from tryptophan, aspar-with resolvable peak centers. For instance, in the absence
agine, glutamine, and arginine. of deconvolution, the tail of a cross-peak completely

A simple method for quantitating distances from intensities broadened may reduce the height of a neighboring peak 10
of cross-peaks in*SN—HSQC spectra was used. This 15%, giving a false positive for broadening effects due to
methodology was adapted from previous papers analyzingthe spin label. Deconvolution allowed an approximately 10%
two-dimensional homonucleat§, 23 or heteronuclearl) increase in the number of resonances that could be used for
spectra of spin-labeled proteins. The general procedure is todistance restraints and will be particularly important for larger
acquire spectra of the paramagnetic protein (“oxidized”), systems that will have increased spectral overlap. In the
reduce the nitroxide to a diamagnetic species with ascorbicfuture experiments, it should also be possible to extend the
acid (“reduced”), and repeat the experiment under identical analysis to three-dimensional experiments, such as HNCO,
conditions. The difference in relaxation properties of the HN which would increase the resolution.
spins between oxidized and reduced spectra should be Incorporation of PBE Distances into Restraints for Mo-
directly attributable to effects of the electron spin. Rather lecular Modeling PBE distances were incorporated as
than directly measuring relaxation rates from a series of two- semiquantitative restraints with large bounds for modeling
dimensional experiments, which is tedious and time-consum-calculations, similar to what is typically done for NOE
ing, relaxation rates were indirectly extracted from ratios of analysis. There are enough sources of error or assumptions
cross-peak heights between oxidized and reduced spkgtra (  that may not be universally valid to prevent attempting more
lreg) according to equations given under Materials and quantitative use of the distances (i.e., tighter bounds).
Methods. This procedure is nearly identical to the hetero- Possible sources of systematic error include estimation of
nuclear work done on unfolded adtN-labeled staphyloc-  intrinsic R2 relaxation rates from reduced spectra, use of a
cocal nuclease, which showed that the intensity ratio global correlation time for all nitroxideamide dipolar
procedure gave similar results to directly measured relaxationcoupling interactions, and potential® averaging due to
rates (L6). For this work, two-dimensional peak fitting with  highly flexible motions of the nitroxide side chain. Due to
the program nlimNS was used to expedite analysis, ratherther—® dependence (eq 5), the calculated distance is relatively
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FiGURE 3: Intensity ratios and conversion into distances. Shown are bar graphs of intensity rdfids-6fSQC cross-peaks vs primary
sequence for two spin label positions, (A) R120C and (B) S200C. Ratios are determined as described under Materials and Methods. The
first 30 residues, which are disordered in elF4E, are not shownx®Eheés is the backbone amides from 31 to 213, followed on the right

by the values for the side chain HNs of N40, W43, W46, W58, Q69, W75, Q79, N80, N98, W104, W115, W130, W166, N150, R157,
N161, and Q184, sequentially (separated from backbone amides by vertical dashed line). An intensity ratio of 0.85 is shown by the horizontal
dashed line, which is the cutoff for use of an intensity reduction due to spin-label broadening as a modeling restraint. The absence of a bar
at any position indicates overlap or lack of assignment that prevents quantitation of an intensity ratio. (C) Simulated curves of theoretical
equations used for conversion of intensity ratios into distances for modeling calculations. Curves are shown for different intrinsic half-
height line widths Av (hertz) = 7/R2] and correlation timesz{) to illustrate the dependence of the calculated distance on these input
variables. The three curves are for line widths and correlation times of 40 Hz, IH;/@&(Hz, 16 ns©), and 40 Hz, 30 ns<§). A global

correlation time of 16 ns for elF4E in 25 mM CHAPS is used for this study. The intensity ratio cutoff of 0.85 is indicated by a dashed line.

<
o

insensitive to large errors in relaxation ratesteiFigure qualitatively consistent with the three-dimensional structure
3C). Nevertheless, the qualitative use of the extracted of elF4E. The only exception was theHN of the W75 side
distances is the most conservative and prudent approach. chain, which was substantially broadened by all spin-label
Three classes of distance restraints were used for moleculagubstitutions, not in agreement with the three-dimensional
modeling calculations. For cross-peaks undetectable in thestructure. W75 is solvent-exposed on a hydrophobic patch
oxidized HSQC spectrum, an upper limit for the target thatis the binding surface for the proteins 4E-BP and elF4G
distance was estimated from the noise. The target distance2nd also appears to be the binding surface for the CHAPS
was restrained with no lower bound and a fixed upper bound micelle (L8). Thus, it appears likely that this broadening is

of a few angstroms. For detectable resonances Witheq from intermolecular association of the hydrophobic nitroxide
less than 0.85, a target distance was calculated and restrainednd W75 ring. The broadening effect appears to be correlated
with upper and lower bounds of a few angstromdifieq to the protein concentration, consistent with an intermolecular

was>0.90, it was assumed that the spin label was sufficiently association (data not shown). Also, the backbone amide of
far away to not affect the amide relaxation and could be usedW75 only 5-7 A away was not affected, indicating®

as a “negative” restraint. The intensity ratio cutoffs (e.g., averaging effects that would be expected for a weak
0.85) were empirically estimated from plots of intensities nonspecific association. It is not clear how common non-
vs amino acid sequence (Figure 3) and the known three-specific binding of the nitroxide to hydrophobic patches on

dimensional structure of elF4E. The apparent noise or the protein surface will be. However, the problem should

variation of intensity ratios for cross-peaks that should be be localized to side-chain HN groups and fairly easy to

far away from the spin-label nitroxide (no broadening effect) identify. In addition, it probably warrants using as low a

is approximately 1615%. In addition, an intensity ratio  protein concentration as possible to minimize intermolecular
cutoff of 0.85 produced distance restraints that were all effects.
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A Table 1: Precision and Accuracy of Structures Calculated with
NOE and Spin-Label Restraifts

precision (A) accuracy (A)

res res
data set 37—213 secstr 37—213 sec str

cap elF4E
NOE (reference) 1.304+0.23 0.60+ 0.16 NA NA
NOE/spin (4 Abounds)  1.26+0.23 0.58+0.14 0.85 0.39
NOE/spin (3 Abounds)  1.36+0.18 0.56+£0.10 1.36 0.70
Apo elF4E
HN—HN NOE 8.314+1.35 7.19+ 155 7.94 599
HN—HN/spin (4 A bounds) 2.34+ 0.20 1.70+£0.39 3.20 2.56

a2 Results are rms deviations for backbone atoms (i, C) of a
family of 20 low-energy structures from a target structure. For precision
values, the target is the average structure of the respective family. For
accuracy values, the target is the average structure of the reference
(full NOE data set). Superpositions were performed with either residues
37—213 or the amino acids in regular secondary structure elements
(3948, 62-69, 71-80, 91-96, 113-119, 126-138, 151157, 16}

167, 173-185, 194-197, and 21%213). For the calculations with the
limited NOE data sets (HNHN), the nTGDP “cap” was not included

in the modeling, although it was present in the NMR experimeftsl
NOE data set {8) containing 2014 NOEs (553 intraresidue, 628
sequential, 401 medium-range, 428 long-range, and 24 intermolecular),
58 hydrogen bonds, and 279 dihedral angles#889 vy, 60 x*, and

48 x?). ¢ Full NOE data set plus 515 spin label distances [53 upper
bound only, 121 upper/lower bound, 341 lower bound only (“negative”
restraint)].d Limited NOE data set with only 403 HNHN NOEs and
171 angle restraints (82, 89 ). ¢ Limited NOE data set with 515
spin label distances.

limiting as it might appear. In practical use, the amide
resonances broadened beyond detection actually represent a
5 A range between-9 and 14 A. A distinct advantage of

the spin-label method is that it is a long range interaction,
compared to the NOE. This is exemplified by the distances
observed from position S200C to thel helix across the
nucleotide binding site (Figure 4). The orientation of the loop/
helices across the nucleotide binding site could not be directly
defined from NOE analysis of protein resonances alone,
although it is defined via intermolecular NOEs to théGbP

. 4 s ¢ backb des that broadened b nucleotide in the high-resolution NMR structure.

IGURE 4: Summary of backbone amides that are broadened by a i i ; ;

spin label at positions (A) R120C and (B) S200C. Results are shownT MOIeC,:’.ItIa{ M|°de"f‘g tﬁatlct:rllj Ia;[jlp ?S with dPBE (?feStraIIDnEt;I’E
on the ribbon diagram of the previously determined NMR structure o quantitatively verify that the distances derived from S

of elF4E. The position of the spin-label residue is shown in black Were consistent with the NOE distances, simulated annealing
and marked by an arrow. Amides that are broadened to undetectablecalculations were performed combining the full NOE and
levels are shown in green (distance~14 A). Amides that are  PBE restraint sets (Table 1). This verification is important

broadened with measurable intensity rati©<.85 are shown in ; wfiumd” A :
red (distance-14-23 A). Amides with intensity ratios- 0.90 are since there are no covalently “fixed” distances to calibrate

shown in yellow (distance ~23 A). Uncolored residues are either t€ Spin label broadening, like there are for NOEs. In
overlapped ifSN—HSQC spectra, not assigned, or have intensity addition, it was important to empirically determine the proper
ratios between 0.85 and 0.90. bounds to use for the spin-label distances in a highly
restrained system. For all modeling calculations in this paper,
A graphical depiction of the three PBE distance restraint the covalent structure of all spin-label side chains were
classes observed for two spin-label positions is shown onincluded, regardless of whether the PBE distances were
the NOE-derived three-dimensional structure of elF4E utilized in the calculations. Inclusion of the spin-label
(Figure 4). The boundaries of the restraint classes agree veryestraints witt 4 A bounds and the full NOE set resulted in
well with the elFAE structure and appear to be qualitatively structures nearly identical to the NOE-only structure. Im-
sensitive to the orientation of the backbone to the spin-label portantly, the structures converged with few NOE violations,
side chain. For instance, only the side of the sl telix indicating that the NOE and PBE distances were consistent
facing the S200C spin label is in the shortest distance restraintwith one another. The same calculations performed with
class (green, no observable cross-peak4 A). Note that tighter bounds on the spin label distances (3 A) did not
the free radical of the nitroxide is typically-80 A from converge as readily (data not shown) and often contained
the nearest backbone amide (including its own residue), sinceone or two NOE violations> 0.5 A. In addition, the
it is extended into solvent. Therefore, the fact that cross- “accuracy” rms deviations from the reference structure got
peaks completely broadened cannot be quantified other tharworse (Table 1). Together, this suggested thaid bounds
to place an upper bound of approximately 14 A is not as were too tight for modeling calculations. Bounds of 4 A
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Nevertheless, the general correlation between the expected
vs calculated distance can be observed. In Figure 5B the
expected vs calculated distance is shown for the average
structure calculated with all NOEs and PBEs combined. This
graphically depicts the result that the PBE distances are
consistent with the NOEs and can refine with all PBE
distances satisfied within ¢4 A bounds (dotted lines in
Figure 5). The distances withing A boundaries appear

to be evenly distributed about the line “calculated”
“expected”, indicating that there is not a strong bias or
systematic error affecting the distances. It might have been
expected that® averaging, caused by flexibility of the spin-
label side chain, would lead to calculated distances that were
shorter than the true or “expected” distance. However, at
the large distances probed by the spin label4 A), it would

take very large mations to produce significant averaging
effects, and the results of Figure 5B suggest that it is not a
major problem.

Structure calculations were then performed with the limited
NOE and PBE data sets. The limited NOE data set {HN
HN) is from >N amide protons that could be obtained from
a large perdeuterated protein (Table 1). The-H#N NOE
data set is taken from actual 3D and #N-edited NOESY
experiments of partially deuterated elF4EB). In addition,

3 e s ’ .7 ¢ly angles were loosely restrained for secondary structure
§ 30 e -7 elements that could be identified from the chemical shift
.g I 7 index (CSI) of backbonéH/*>N/**C assignments. Calcula-
s 8 ¥ tions performed with just HNHN and CSI data resulted in
‘3 20 -3 o LN very poor quality structures with the global fold incorrectly
§ . 4 determined (defined as proper arrangement/topology of
g 15 ° AN secondary structure elements) for the majority of the family
. i (Figure 6B and Table 1). Seven out of the 20 low-energy
o7 7 structures had the correct global fold (data not shown), yet
5 ‘ i still have high precision and accuracy rms deviations (2.81
5 10 15 20 25 30 35 40 45 4+ 0.55 and 5.51, respectively, for residues-21.3).

Expected Distance

Inclusion of the PBE distances to the HIMIN NOEs
dramatically improved the quality of structures and correctly

Ficure 5: Calculated versus expected distances from five spin- . - -
labeled samples of elF4E. “Calculated” distances are determineddetermined the overall global fold of the protein (Figure 6C).
from NMR spectra of'N-labeled protein. “Expected” distances The precision and accuracy of the PBE-derived structures
are determined from three-dimensional structures calcul_ated with gre similar to what has been achieved for other methods for
() I NOF g st (9) U NOE et s s i el loal o cetermination uilzng selecive protonatc
according to three distance restraint classes by (O) upper bound9)- This demonstrates that it should be possible to correctly
only, @) upper and lower bounds, and) lower bound only. determine the global fold of a large protein via SDSL given
Where “calculated= “expected” is marked by a solid line, with  that backboné®N-proton assignments have been obtained.
4 A bounds marked by dashed lines. Simulated Calculations of elF4E Using AlternatiMethod
accommodate up t6-20—30% error in the PBE distances for Global Fold Determination Simulated restraints for a
ranging from 14 to 23 A, which is reasonable when compared methyl-protonated sample were generated for elF4E as
to bounds typically employed for NOEs. Unfortunately, the described 9) to compare with the spin-label results. The
PBE distances did not appear to refine the high-resolution simulated methyl NOEs also correctly determined the global
NMR structure (i.e., lower precision). fold of elF4E with slightly better statistics than the spin-
The consistency of the PBE (4 A bounds) and NOE data label method (Figure 7A and Table 2). In particular, the
is shown in graphical form in Figure 5. In Figure 5A the packing of the three-helices against thg-sheet was better
expected vs calculated distance for each spin-label restraintdefined by the methyl-protonation method. However, the
is shown for the average structure calculated with the NOE binding site for the MGDP nucleotide was not as well-
data only. The “calculated” distance is that obtained from defined due to the lack of short-range NOEs between the
the PBE, while the “expected” distance is determined from loops in the cleft (in the absence of the nucleotide in the
the reference structure (distance from the nitrogen atom of modeling calculations). This type of long-range restraint is
the nitroxide to the hydrogen atom of the respective amide). available from the PBEs as was shown in Figure 4.
Since the position of the nitroxide ring is underdetermined Combining the two methods improved the precision of the
by the NOE data alone (essentially determined by the force structures obtained (Figure 7B). In particular, the binding-
field), the “expected” distance from the NOE-only structure site cleft is well-defined even in the absence of the nucleotide
is not a rigorous check or calibration of the PBE distances. in the modeling calculations. The precision of the combined
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FiIGURe 6: Superpositions of backbone atoms for families of
structures calculated with (A) full NOE data set, (B) reduced HNHN
NOE data set, and (C) reduced HNHN NOE data set plus spin-
label distances. The full NOE data set is calculated willeBP

and intermolecular NOEs, while the reduced NOE data sets are
calculated without FGDP present in the calculations. The family
of 20 low-energy structures for each is shown in thin black lines,
while the average structure of the “reference” calculation with the
full NOE data set is shown by a thick black line in all parts.

restraints is almost comparable to the results obtained with

FIGURE 7: Superpositions of backbone atoms for families of
structures calculated with simulated restraints for a methyl-
protonated, highly deuterated protein sample. (A) Structures
calculated with reduced HNHN NOE data set plus simulated
methymethyl and methytHN NOEs. (B) Structures calculated
with methyl NOEs (panel A) plus PBE distances (see Table 2).

Table 2: Precision and Accuracy of Structures Calculated with
Simulated Restraints

precision (A) accuracy (A)

elF4E (apo)
data set res 37213 sec str res 37213  sec str
met 1.964+0.38 0.99+0.15 2.33 1.27
met-spini 1.474+0.13 0.87+0.10 2.24 1.19
precision (A) precision (A)
FPS dataset res 2B66 sec str res 21366 sec str
met 8.35+ 2.67 7.04+ 2.31 7.90 5.82
spirf 12.86+ 1.55 12.33+1.84 8.15 7.58
met-spir 2.00+ 0.22 1.644+0.28 2.37 211

aResults are rms deviations of backbone atoms (M, C) of a
family of 20 low-energy structures fro, a target structure. For precision
values, the target is the average structure of respective family. For

the full NOE data set. . accuracy values, the target is the average structure of the reference for
For structural analysis at the level of the backbone fold, ¢iF4g (Table 1) or the crystal structure for FPS. For elF4E, the

these structures all have similar interpretative quality (Figure superpositions are for the same regions as Table 1. For FPS, the
8). Noticeable insufficiencies in the accuracy are the loose superpositions are for residues-2366 or the secondary structure

packing of the helices for the spin-label method (Figure 8B)
and a “relaxed” binding-site cleft for the methyl-protonation
method (Figure 8C). Both of these problems are mitigated
when the methods are combined (Figure 8D), indicating that
they contain complementary data. The long-range nature of
the PBE is very significant and should be even more
important for determining the structures of larger proteins
that will often contain multiple domains requiring long-range
information for proper orientation.
Simulated Calculations on the Helical Protein FEPS

Previous results have demonstrated that the methyl-proto-
nation method worked better for proteins containing high

elements (residues 2316, 53-66, 73-85, 94-119, 142-158, 167
191, 205-229, 237262, 284-289, 296-303, 316-320, 325-346,
and 352-362)." Limited HN—HN NOE data plus 241 simulated methy!
protonation NOEs (205 HNmethyl and 36 methytmethyl). ¢ Limited
HN—HN NOE data plus 241 simulated methyl NOEs plus 515 spin-
label PBEs (Table 1) plus 196 simulated spin-latrekthyl PBEs (21
upper only, 38 upper/lower, and 137 lower only boundsSimulated
NMR data containing a total of 868 NOEs (463 HNN, 298 HN—
methyl, and 102 methylmethyl) and 456 angle restraints (2@&nd
228 ). ¢ Simulated NMR data containing a total of 463 HNN
NOEs, 456 angle restraints (228and 228y), and 2311 PBEs (97
upper only, 266 upper/lower, and 1948 lower only boundS)mulated
NMR combining met and spin NOEs and PBEs plus 1045 PBEs to
methyl groups (52 upper only, 142 upper/lower, and 851 lower only
bounds).

[-sheet content. Helical proteins are problematic since there
are virtually no long-range HNHN or HN—methyl NOEs
for amides in helices. This contrasts wifhsheets where

the secondary structure information is inherently long-range,
and there can be many observable HNN or HN—methyl
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Ficure 8: Average structures of elF4E calculated with the
following restraint sets: (A) full NOEs, including ¥6DP and
intermolecular NOEs; (B) PBEs and HNHN NOEs; (C) methyl-
protonation NOEs; and (D) PBEs and methyl-protonation NOEs.
The backbone is shown from residues 37 to 213.

NOEs betwee strands. Therefore, we performed modeling
calculations on the 40 kDa protein FPS, which contains
exclusivelya-helices, to test whether the PBE restraints could
help determine the global fold of a helical-rich protein. The
crystal structure of FPS is knowr24) and was used to
generate simulated methyiethyl, methy+-HN, and HN-

HN NOEs, as well as simulated PBE restraints from 12
randomly spaced spin labels on the surface of FPS (Table
2). It was estimated that approximately 50% of the amides
in an™N—HSQC of a 40 kDa protein would be sufficiently
resolved for PBE analysis. This number is lower than the
approximately 70% of residues available as probes for spin
broadening in the structured core of elF4E (21.3).

As was previously publishe®), the simulated restraints
for the methyl-protonation method did not correctly deter-
mine the global fold of FPS, although most of the errors
were minor rearrangements of helices. The precision and
accuracy for the family of structures was8 A (Table 2).
Use of the spin-label method alone also did not correctly
determine the global fold of FPS. The higher precision rms FIGURE9: Simulated structure calculations of the protein FPS. (A)
deviations for the spin-label method reflect the presence of Family of 20 low-energy structures calculated with simulated PBEs

¢ bsets of struct in the | famil and methyl-protonation NOEs. Helical residues are shown in red
WO Subsels or structures In the fow-energy family, one 5,4 remaining residues in blue. Backbone atoms of the crystal

similar to the crystal structure (and methyl-protonation structure from residues 21 to 366 are shown with a thick black
calculations) and the other a mirror image (data not shown). line. (B) Ribbon diagram of the crystal structure. (C) Ribbon

The precisions of these individual subsets are similar to the diagrar_n of the_average structure from the simulated calculations.
methyl-protonation method. When the two methods are Both ribbon diagrams are rainbow colored from red to blue,
combined, however, the global fold of FPS is correctly progressively, from the N- to C-terminus.

determined with a precision and accuracy~at A (Figure and holds great promise for determining medium-resolution
9A). A view of the ribbon diagrams of the crystal structure structures of large proteins.

and average structure from the simulated calculations is Future ProspectsCurrent NOE-based methods can de-
shown in Figure 9B,C. Most pertinent structural features of termine monomeric protein structures up¥80 kDa. From

the backbone are correctly determined by the simulated NMR a relaxation standpoint, backbone assignments are obtainable
structure. Again, the complementary nature of the two up to at least 70 kDa with perdeuteration; however, spectral
methods for global fold determination of proteins is apparent overlap practically limits assignments of monomeric proteins
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in the 30-40 kDa range in the absence of sophisticated
segmental labeling scheme85( 2. In macromolecular
complexes, however, overlap can be alleviated by isotopic
labeling of only one component. Thus, at this time most
NMR methodologies for study of larger macromolecules are
more applicable to the study of proteiprotein or protein-
nucleic acid complexes. There is a disadvantage to NOE-
based methodologies for complexes in that isotopic filtering
experiments, which are often performed to determine inter-
molecular NOEs, are unlikely to be successful at higher
molecular weights. Definition of the intermolecular interface,
however, should be attainable via spin labeling of the
unlabeled component of the complex, while the broadening
of the isotopically labeled component is monitored, since
the PBE is relatively insensitive to the molecular weight of
the system. In addition, there is often a paucity of NOEs at
protein—nucleic acid interfaces, and spin labeling may be a
useful technique for study of these complexes even in
situations where NOE analysis is possible.

As was demonstrated in this paper, PBEs are probably
best utilized in combination with other methods, such as
methyl protonation, to improve structure quality. In particular,
the combination with residual dipolar couplings holds
promise to achieve significantly higher quality structures than
presented here. Dipolar couplings provide purely angle
orientations of H-N or H—C bond vectors to a magnetic
susceptibility axis; therefore, some distance information is
required for translational orientation of secondary structure
elements. Combining the spin labels and dipolar couplings
might provide a method of structure determination that was
solely dependent on the use 'f—'5N correlation spectra,
which are well-resolved and easy to analyZel—3C
correlation spectra could also be used in situations where
they could be easily obtained. The major drawback to the
SDSL methodology is that many different mutations and
samples are required. The number of spin-label positions will
also need to increase with larger molecular weight systems.
However, the advantage is that after initial structure deter-
mination, the spin labels will provide detailed structural
probes for biochemical studies involving binding of ligands/
macromolecules and/or the conformational changes that
occur upon binding, which is the traditional use of spin labels
with nuclear magnetic resonance.
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