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ABSTRACT: Site-directed spin-labeling of proteins whereby the spin-label methyl 3-(2,2,5,5-tetramethyl-
1-oxypyrrolinyl)methanethiolsulfonate (SLMTS) is reacted with th8H groups of cysteinyl residues
incorporated into a protein by mutagenesis has been successfully applied to investigate secondary structure
and conformational transitions of proteins. In these studies, it is expected that the spin-label moiety adopts
different conformations dependent on its local environment. To determine the conformation of SLMTS
in solution reacted with-cysteine (SLMTCys) and bound in the active site of the Glu240Cys mutant of
TEM-1 -lactamase, we have synthesized SLMTS both of natural abundance isotope composition and in
site-specifically deuterated forms for electron nuclear double resonance (ENDOR) studies. ENDOR-
determined electronproton distances from the unpaired electron of the nitroxyl group of the spin-label

to the methylene and methyl protons of SLMTS showed three conformations of the oxypyrrolinyl ring
with respect to rotation around the-S bond dependent on the solvent dielectric constant. For SLMTCys,
two conformations of the molecule were compatible with the ENDOR-determined electuateus
distances to the side-chain methylene protons and%amti H12 of cysteine. To determine SLMTS
conformation reacted with the Glu240Cys mutant of TEM-lactamase, enzyme was overexpressed in
both ordinary and perdeuterated minimal medium. Resonance feature’s afdHH12 of the Cys240
residue of the mutant and of the side-chain methylene protons within the spin-label moiety yielded-electron
proton distances that sterically accommodated the two conformations of free SLMTCys in solution.

Site-directed spin-labeling with the use of nitroxyl spin- into recombinant proteins by mutagenesis to provide points
labels has become a useful tool for determination of protein of attachment for the nitroxyl spin-label. Reaction of the spin-
structure and dynamicd{9). Nitroxyl spin-labels are stable  label methyl 3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)methaneth-
organic free radicals that can be strategically attached toiolsulfonate (SLMTS) according to Scheme 1 is highly
biomolecules to provide detailed inform_atio_n of the local specific and is based on the specific reactivity of methyl-
molecular enwronment through the application of electron methanethiolsulfonate to measure sulfhydryl content of
paramagnetic resonance (EPRpectroscopy. Hubbell and  proteins (0). It has been shown that the spin-label derivative
co-workers and others have shown that analysis of the EPRreacts with both exposed and buried cysteine residl®s (
spec_t(;a of n:trog?/l _spfln-labte_zls (:tova_lleijnt![y att_achted tclj proteins While spin-label mutagenesis has been employed hitherto
ey B S o §0esCrly hrough appicaion f EPR. he methodlog cod e

9 y T\ P ; extended further by applying electron nuclear double reso-
from the membrane surface in a transmembrane helix, and : .

. . . . nance (ENDOR)spectroscopy. Recent studies, particularly
(iv) monitor protein conformational changes<9). The rom our laboratory, have demonstrated that ENDOR spec-
general approach is to incorporate reactive cysteine residue{ atory, hay . P

roscopy of spin-labels in frozen glassy solutions can be an
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Health and the National Science Foundation. V.G. was supported in magnetic nuclei with an accuracy that is not usually
part by an HHMI undergraduate summer research fellowship and by associated with molecules in solutial?(-23). Because the
ﬁI'I‘HN,\S,I';EF',Eﬁa?x‘i'ﬁgdg(gr?ﬁ%%gggg)i)fa”d D.J.G. was supported by an unpaired electron of nitroxyl spin-labels behaves as an
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National Autonomous University of Mexico, Mexico D.F. 04510. interactions of nearby nuclei with the unpaired electron are

1 Abbreviations: ENDOR, electron nuclear double resonance: EPR, largely dipole-dipole in character. We have shown that this

electron paramagnetic resonance; MeOH, methanol; PIPES, piperazinehf coupling can be measured accurately by ENDOR to obtain
N, N-bis[2-ethanesulfonic acid]; hf, hyperfine; hfc, hyperfine coupling; i ; ;

SLMTCys, S$[3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)methylthioll- el.eCtron_nUCIeus dlpo'%r distances in the range eﬂf’i A
cysteine; SLMTS, methyl 3-(2,2,55-tetramethyl-1-oxypyrrolinyl)-  With errors as low as 5% based on ENDOR line widths. In

methanethiolsulfonate. these studies, we have shown that ENDOR of nitroxyl spin-

10.1021/bi010539p CCC: $22.00 © 2002 American Chemical Society
Published on Web 12/27/2001




798 Biochemistry, Vol. 41, No. 3, 2002

O

Scheme 1

0
I
S—|SI—CH3+HS/\® =

labels in combination with molecular modeling provides a
general method for the determination of the structure and
conformation of both small molecules and enzyme reaction
intermediates in solution with a precision that is exceeded
only by that of single-crystal X-ray diffractiorl2—23).
Despite the usefulness of the SLMTS molecule as a
structural probe, its molecular structure and conformation
in solution have not yet been determined. Here, we describe
the ENDOR-determined structure and conformation of
SLMTS free in solution and reacted withcysteine. By
application of angle-selected ENDOR, the hf couplings yield
the relative coordinates of protons with respect to the
unpaired electron of the nitroxyl spin-label. The ENDOR-
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lllustration of the chemical bonding structures and the
mbering schemes of methyl 3-(2,2,5,5-tetramethyl-1-

determined distances are then used as constraints in torsioxypyrrolinyl)methanethiolsulfonate ai#{3-(2,2,5,5-tetramethyi-

angle search calculations to define molecular conformation.
From these investigations, we show that the ENDOR-
determined electronnucleus distances of SLMTS within van

der Waals conformational space accommodate three con-

formations of the oxypyrrolinyl ring with respect to rotation
around the SS bond. While one of these conformers is
unlikely to be populated and thereby probably represents only
a mathematical solution to the conformational search, the
relative populations of the two other conformers are depend-
ent on solvent polarity. We also provide a detailed description
of the three-dimensional ENDOR structures of SLMTS
reacted with_-cysteine in solution and bound to the Cys240
residue in the active site of the Glu240Cys mutant of TEM-1
pB-lactamase. The structure of the spin-labeled Glu240Cys
mutant is particularly relevant in view of the recent X-ray
description of SLMTS reacted with cysteine mutants of T4
lysozyme (1). Furthermore, the results of our ENDOR
studies of nitroxyl spin-labels show that this method can be
applied to problems requiring the precise determination of
the detailed local structure of macromolecules in solution.

MATERIALS AND METHODS

General. The parent spin-label 2,2,5,5-tetramethyl-1-
oxypyrroline-3-carboxylic acid was obtained by hydrolysis
of 2,2,5,5-tetramethyl-1-oxypyrroline-3-carboxamide (Ald-
rich Chemical Co. Inc., Milwaukee, WI) according to the
method of Rozantsev2{). Thionyl chloride, pyridine,
triethylamine, lithium bromide, methanesulfonyl chloride,
lithium aluminum hydride, lithium aluminum deuteride, and
sodium sulfide were purchased from Aldrich. Lithium tris-
(tert-butoxy)aluminum hydride [LIAIH(OtBu);] and its
deuterated analogue Li&i(O-tBu); were prepared im-
mediately before use according to the procedure of Brown
and Rao 25). Sodium methanethiolsulfonate (N&%CH;)
was prepared from N& and methanethiosulfonyl chloride
and recrystallized three times with absolute ethanol according
to the procedure of Kenyon and Bruic26f. THF was
refluxed and distilled over LiAll4 SOC}, Et;N, and pyridine
were purified by distillation and stored over molecular sieves.

1-oxypyrrolinyl)methylthiol]+-cysteine. Also shown are specifically
deuterated analogues of SLMTS and SLMTCys employed in this
study. SL refers to the spin-label acyl moiety attached to the
methylene carbon C(1) atom.

L-Cysteine and,L-[3,5-°H,]cysteine were purchased from
Aldrich and Cambridge Isotope Laboratories, Inc. (Woburn,
MA), respectively. Deuterated solvents §9% 2H) were
purchased from Cambridge Isotope Laboratories. All other
reagents were of analytical reagent grade, and deionized
distilled water was used throughout.

Methyl 3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)methane-
thiolsulfonate(la). In Figure 1 is illustrated the chemical
bonding structure of the parent compound SLMT& @and
of site-specifically deuterated analogues employed in this
investigationla was synthesized by adapting the previously
published procedure of Berliner et a7j. For brevity, we
outline the synthesis in Scheme 2. Except for compounds
IB and IE that were obtained as oils, all other reaction
intermediates and products were recrystallized and character-
ized by melting point, mass spectra, and elemental analysis.
Mass spectrometric analysis was carried out by Dr. Steven
Mullen in the School of Chemical Sciences at the University
of lllinois at Urbana-Champaign. Elemental composition was
determined by Midwest Microlabs (Indianapolis, IN). Ana-
lytical data for compoundfa—c are summarized in Table
1. According to Scheme 2, typical yields were as follows:
compoundC (starting fromlA), 57%; compoundD (from
IC), 78%; and the final produda (from ID), 48%.

[2Hz]Methyl 3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)methane-
thiolsulfonate [b) was synthesized according to the method
for la except that the acid chloridéB) was reduced with
LiAl 2H(O-tBu)s. No evidence of the presence & was
detected by mass spectrometric analysisbof

[Ha]Methyl 3-(2,2,5,5-tetramethyl-1-oxy-[3H]pyrroli-
nyl)methanethiolsulfonatdq) was synthesized according to
the method foitb except that 2,2,5,5-tetramethyl-1-oxy-[3
2H]pyrroline-3-carboxylic acid was used in the first step. This
deuterated analogue of the spin-label acid was synthesized
according to Rozantse®4) from 4-oxo-2,2,6,6-tetramethyl-
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Table 1: Summary of Analytical Results Characterizing Methyl 3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)methanethiolsulfonate and

Site-Specifically Deuterated Analogs

elemental analysis: calculated (found)

compound chemical formula melting poiri) C H N S m/e
la Ci10H18NO3S; 106-107 45.43 (45.50) 6.86 (6.90) 5.30 (5.30) 24.25 (24.50) 264
Ib Ci1oH16D2NOsS; 106.5-107 45.09 (45.06) 6.86 (6.76) 5.26 (5.34) 24.07 (23.96) 266
Ic Ci10H15DsNOsS; 106.5-107 44.92 (45.03) 6.86 (6.95) 5.24 (5.24) 23.98 (24.02) 267

piperidine monohydrate (Aldrich) using perdeuterated acetic in this investigation has been published from this laboratory

acid, hydrobromic acid, and potassium hydroxid8,(29.

No evidence of the presence t& or Ib was detected by

mass spectrometric analysis laf
S-[3-(2,2,5,5-Tetramethyl-1-oxypyrrolinyl)methylthiaH-

cysteine [(la). A solution of 200 mg (0.757 mmol) d& in

20 mL of acetone was added dropwise with vigorous stirring

over a period of 15 min to a solution of 83 mg (0.688 mmol)

of L-cysteine in 30 mL of water at 28C. The mixture was

stirred fa 3 h at 25°C. The resulting solution was shaken

(29). Growth of engineeredscherichia coliBL21 (DE3)
cells on?H,0 and sodium3H;]acetate (3 g/L) yielded 70
mg/L of mature wt protein enriched with deuterium to levels
of 88—90%, estimated by MALDI-TOF mass spectrometry
(29). The Glu240Cys mutant was generated by application
of the polymerase chain reactioBQj, and E. coli BL21
(DE3) cells transformed with the mutant gene were similarly
grown on perdeuterated minimal mediu@®).

EPR and ENDOR Spectrosco@PR and ENDOR spectra

with 15 mL of ether, and the ether layer was decanted. This were recorded with use of an X-band Bruker ESP 300E
procedure was repeated five times until the ether layer wasspectrometer equipped with a M cylindrical cavity,
colorless. TLC showed that the ether layer contained only a Bruker ENDOR accessory, and Oxford Instruments ESR910

trace amount of unreacted SLMTS10%). The aqueous-

liquid helium cryostat, as described previousBi,(32).

acetone solution was evaporated to dryness. The solid producTypical experimental conditions for ENDOR measurements

was then placed in a desiccator oveOp overnight. The
melting point of the product was 11112 °C (dec) and the
yield was 65%. No further characterization of SLMTCys was
carried out. In Figure 1 are illustrated the structural formulas
of SLMTCys and its deuterated analoguéla {-d).

S[3-(2,2,5,5-Tetramethyl-1-oxypyrrolinyl)methylthiol]-
D,L-[3,8-?HJ]cysteine (Ib ) was synthesized according to the
method forlla except thab,L-[3,3-?H;]cysteine was used.

S[3-(2,2,5,5-Tetramethyl-1-oxypyrrolinyfii;Jmethylthiol]-
L-cysteine [Ic) was synthesized according to the method
for lla except thatb was used.

S[3-(2,2,5,5-Tetramethyl-1-oxypyrrolinyfi;Jmethylthiol]-
D,L-[3,5-°H]cysteine (Id ) was synthesized according to the
method forlla except thatb andp,L-[3,5-?H;]cysteine were
used.

Wild-Type and Glu240Cys Mutant Forms of TEM-1
fp-Lactamase A detailed description for overexpression,
deuterium enrichment, creation of point mutations, and
purification of recombinant TEM-B-lactamase employed

were as follows: sample temperature, 20 K; microwave
frequency, 9.45 GHz; incident microwave power, 2 mW,
modulation frequency, 12.5 kHz; and rf modulation depth,
~8 kHz.

Spin-labeled samples (SLMTS and SLMTCys) for EPR
and ENDOR studies were dissolved to a concentration of 4
x 1072 M in perdeuterated solvents. Enzyme samples were
prepared by treating the Glu240Cys mutant protein either
with SLMTS (la) or its deuterated analogudsb (@ndic) in
0.1 M NacCl buffered to a pH or pD 6.0 with 0.02 M PIPES.
The reaction was carried out at 26 for 30 min by using
a 10-fold excess of ligand followed by extensive dialysis
against a cacodylate buffer at€@. The final concentration
of the chemically modified enzyme was about 2610
M, and the enzyme was buffered to a pH or pD 7.0 with
0.02 M cacodylate in 0.1 M NaCl. All samples were stored
in liquid nitrogen for spectroscopic data collection.

Molecular Modeling The atomic numbering schemes of
SLMTS and SLMTCys are shown in Figure 1. Graphics
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Ficure 2: Comparison of the ENDOR spectra of SLMT& and FicURE 3: Comparison of ENDOR spectra of SLMTS in solvents

Ic, top and bottom sets, respectively) in solvents of different of high and low dielectric constant. The top ENDOR spectrum is

dielectric constant. Samples were dissolved in perdeuterated solventsf la in [2H,Jmethanol, while the bottom set of spectra aréoin

to a concentration of 4 103 M. Within each set, the upper  [2Hjmethanol (upper spectrum) and Atchloroform/EHg]toluene

spectrum is ofa or Ic in [?Hs)methanol while the lower spectrum  (50:50 v/v) (lower spectrum). All spectra were collected wth

is of la or Ic in [?H]chloroform/PHgJtoluene (50:50 v/v). All spectra  setting at B. At the top of the diagram, four line pairs are identified

were collected wittH, setting at A. At the top of the diagram, two  for parallel and perpendicular hfc components of the two methylene

line pairs are identified for perpendicular hfc components of the protons, and in the bottom part of the diagram, four line pairs,

two methylene protons. For the methyl protons, two line pairs, corresponding to two sets of parallel and perpendicular hfc

corresponding to two sets of perpendicular hfc components labeledcomponents for the methyl protons are identified in the stick

Hy' and Hy", are identified by the stick diagram in the bottom part diagram. The baseline in both wings with very broad features,

of the diagram. It is readily apparent that there is a change in the particularly visible in the bottom set of spectralofis characteristic

relative peak-to-peak amplitudes of the'Hind H" resonance of the oxypyrrolinyl spin-label (cfrefs12 and28). Other conditions

features upon change in solvent from methanol to chloroform/ are as those in Figure 2.

toluene system. This change is seen in both sets of spectra; however,

the specific deuteration at the methylene and at the vinyl proton in tions of methylene and methyl hydrogen atoms were

the spin-label oxypyrrolinyl ring inc allow the change in intensity . . . .
of the methyl resonance features to be more readily visually c@lculated according to idealized geometriés) (for a

quantified. The abscissa measures the observed ENDOR shifttétrahedral carbon with use of SYBYL. .
(observed frequency of the ENDOR absorption feature minus the ~ Systematic conformational analysis was carried out for

free proton Larmor frequency 0f14.33 MHz). both SLMTS and SLMTCys by application of the SEARCH

modeling of SLMTS, SLMTCys, and the SLMTS-reacted routine within the program package SYBYL, as previously
Glu240Cys mutant of TEM-}B-lactamase was carried out described13-15, 18, 19, 2] For the terminal methyl group
with use of programs SYBYL (Tripos Associates, Inc., 1600 ©f SLMTS, we have employed the position of the geo-
S. Hanley Road, St. Louis, MO 63144) and INSIGHT95 Metrically averaged hydrogens to representtGs group
(Biosym Technologies, Inc., 9685 Scranton Road, San Diego’because resonances of the individual methyl protons were
CA 92121) running on an SGI R4400 Indfgworkstation not resolved. Torsion angle search calculations®iim2re-

with Solid Impact Graphics. Atomic coordinates of SLMTS ments were carried out for simultaneous rotation around all
were constructed from X-ray-defined molecular fragments rotatable bonds. The effective position of the unpaired spin

of 2,2,5,5-tetramethyl-1-oxypyrroline-3-carboxamid@3)( density of the nitrox_y! group as a point dipolle was appligd
and aryl thiosulfonic esters3q), applying idealized bond ~ @S the reference position fprd|stance constraints, as described
lengths and valence angle85{. Atomic coordinates of earlier (L5). The conformation of SLMTS covalently attached
SLMTCys were similarly constructed from the model t© Glu240Cys mutant form of TEM-Ij-lactamase was
structure of SLMTS and the X-ray-defined structure of carried out within allowed intramolecular van der Waals
L-cystine 86). The atomic coordinates of TEMAlactamase conformational space of SLMTS and aIIowgd mte_rmolt_acular
(file 1BTL) were obtained from the Brookhaven Protein Data V&n der Waals hard sphere contac3§)(with active site
Bank (7). For modeling the Glu240Cys mutant of TEM-1  residues of the enzyme.

pB-lactamase, a cysteine residue was first inserted at the 24

position with the REPLACE option of INSIGHTII, and the ORESULTS AND DISCUSSION

spin-labeled thiomethoxy (StCH,S—) group was attached Angle-Selected ENDOR for Structural Analy$ietailed

to the sulfur atom of cysteine according to the model descriptions of the physical basis of angle-selected ENDOR
structure of SLMTCys, as described previoushp)( Posi- of spin-labels are found in earlier publicatiori3( 20, 23.
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Ficure 4: Stereo diagram of the ENDOR-determined conformations of SLMTS. The structures were drawn according to the mean dihedral
angles listed in Table 3: (top) conform&rwhich is of high population in a nonpolar solvent, and (bottom) conforrensd 3, which are

of high population in a polar solvent. These conformers were obtained from torsion angle search calculations constrained by ENDOR-
determined electronproton distances to the methylene and methyl protons, as listed in Table 2. The ENDOR-significant hydrogen positions
with the corresponding electremproton distances are shown in addition to the non-hydrogen atoms.

Table 2: Summary of hfc Componef@nd Estimated Table 3: Values of Dihedral Angles of the ENDOR-Constrained
Electron-Proton Distances in Methyl Conformation of Methyl
3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)methanethiolsulfonate 3-(2,2,5,5-tetramethyl-1-oxypyrrolinyl)methanethiolsulfonate
proton A Aq Aiso AP AP r () 7 (deg)
H1(CH; 1.845 0.800 0.082 1.763—-0.882 4.48+0.03 dihedral angle conforme® conformer2® conformera®
H’2(CH22) 1.258 0.686 —0.038 1.296 —0.648 4.95+ 0.03 [C(3)=C(2)—C(1)-S(1)] 102+ 2 102+ 4 102+ 4
H'(CHs)® 0.820 0.396  0.009 0.811-0.405 5.81+ 0.05 [C(2)-C(1)-S(1)-S(2)] 74+ 4 285+ 20 285+ 20
H"(CHz)* 0.391 0.200 —0.003 0.394 —0.197 7.3&:0.08 [C(1)-S(1)-S(2)-Cu] 108+ 4 —61+ 25 157+ 25

2hfc components are in units of MHz. Uncertainty in the ENDOR  a conformer1 was found from torsion angle search calculations
shift of 15-20 kHz estimated from the line width of ENDOR absorption  |j556d on the ENDOR-determined distance constraint' (GH4) of
is included as the uncertainty in the calculation of electrproton 5.814 0.05 A in addition to the two methylene protons (predominant
distances? For methyl protons, two sets of perpendicular hfc compo-  conformer in a nonpolar, aprotic solventtConformers2 and3 were
nents, labeled as _fCH3) and H'(CHj), are observed and are assigned  tond from torsion angle search calculations based on the ENDOR-
to two conformers: the resonance featurésdfers to one conformation determined distance constraint t§(8Hs) of 7.38 0.08 A in addition

of the side chain as a species of high population in a nonp_olar solvent, g the two methylene protons (predominant conformers in a polar
and the resonance featuré' refers to the other conformation of the solvent).

side chain as a species of high population in a polar solvent.

We briefly review the basic geometrical relationships molecules for which they, component is coincident with
underlying the orientation dependence of hf couplings of the static magnetic fieldHo. Microwave power saturation
protons with the unpaired electron of the nitroxyl group with that drives the transitions of the unpaired electron then selects
respect to the setting of the static (laboratory) magnetic field perpendicularly oriented molecules for monitoring nuclear
Ho to facilitate the presentation and discussion of ENDOR resonance transitions with resultant “single crystal-like
spectra. The hf interactions are governed by dhésnsor, spectra” (2, 13, 39, 4D We have termed this condition
which defines the principal axes of the interactions of the “setting A”. On the other hand, microwave saturation of the
unpaired electron, and the tensor, which correspondingly  intense central feature of the EPR spectrum selects molecules
describes the principal hyperfine axes of a proton. In spin- of all orientations. This is termed “setting B”.

labels, the axes of thg. and A tensors are essentially For setting A, a proton in the plane of the spin-label gives
coincident andy anisotropy is very small. Thg. component rise to the perpendicular hf interactidky, while a proton

of ge is coincident with the molecularaxis and, therefore,  located on or near the molecularaxis gives rise to the
perpendicular to the moleculaty plane. The low-field parallel hf interactiord,. On the other hand, for setting B of
absorption feature of the EPR spectrum arises from thosethe laboratory magnetic field, an axially located proton gives
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rise to a perpendicular interactida while a proton in the
molecular plane gives rise to both paralldj)(and perpen-
dicular (An) interactions {2—23). This differential appear-
ance of parallel and perpendicular hf couplings dependent
on orientation of the spin-label with respect to the (static)
laboratory magnetic fielt, provides a diagnostic signature
for assigning the relative position of the detected magnetic
nucleus according to the axes of thetensor (2—14, 20,

22, 23. In addition, of critical diagnostic importance is that
the ENDOR splitting for the perpendicular hf interactin

is to first-order independent of the setting of the magnetic
field Ho, while the ENDOR splitting for the parallel
interactionA, varies and passes through a maximum value
whenH, reaches the canonical orientation corresponding to
the principal hfc componentl8, 20, 40. Assignment of

resonance features in this investigation is based on these

physical relationships and confirmed through experiment.
By measuring the energy of the electremucleus hf
interactionA, the separation between the unpaired electron
of the nitroxyl group 15) and each ENDOR-active nucleus
can be estimated according to eq 1. In this relationship, the
g values represent the electron and nuckpéactors, thes
values represent the electron and nuclear Bohr magneton
respectively,h is the Planck constant, is the electror
nucleus distancey represents the angle between the static
magnetic fieldH, and the electronnucleus position vector
r, and A, is the first-order isotropic hfc due to the Fermi
contact interaction.

— gN|ﬁN|gelﬂeI

A
hrd

(3coda — 1)+ A, 1)

The observed ENDOR shifts according to eq 1 correspond
to the principal hfc components andAg with values of 0
for the dipolar anglex for parallel hf interactions and 90
for perpendicular hf interactions, respectively. We have
shown through ENDOR and TRIPLE spectroscopy that
> 0 > Agfor nitroxyl spin-labels 41). Because the value of
Aiso Can be estimated according to the constrafqatif 2A.)
= 3As,, the dipolar hfc components® andA-P representing
the first right-hand term of eq 1 are then obtained by
subtractingAiso from the observed values @& and Ag. In
this manner, the electremucleus separatiom can be
estimated directly from the hf couplings identified in the
spectrum. For nuclei for which > 5 A, the isotropic
contribution is negligibly small. We can then use the
observed hfc components directly to estimate electron
nucleus distances. The validity of this approximation has
been demonstrated in numerous ENDOR studies of spin-
labeled compounds, including synthetic spin-labeled sub-
strates in catalytically competent enzyme reaction interme-
diates (6, 17, 26-23).

ENDOR Studies of SLMT&igure 2 illustrates proton
ENDOR spectra ofa andlc with Hg at setting A. The hfc

Mustafi et al.

Ficure 5: Comparison of the solvent accessible surface of the
—SSQ— moiety of SLMTS in conformers—3 (top-to-bottom
order). For this comparison, theSSQ— moiety is shown for each
conformer to illustrate its relative orientation of the oxypyrrolinyl
ring. It is seen that, in conformefisand?2, steric access of solvent
molecules to the-SSQ— moiety is not hindered by atoms of the
oxypyrrolinyl ring, while in conformei access of solvent to the
sulfur atoms is decreased. For a probe radius of 1.4 A, the fractional
contact area of the SSQ— moiety was calculated to be 0.30, 0.29,
and 0.26 of the total molecular contact area for conformiers,
respectively. The oxygen atoms 6fSSQ— moiety are colored
red while the sulfur atoms are rendered yellow.

components are assigned according to the stratagem de-
scribed above. The resonance features of the two methylene
protons are seen only in the upper set of spectri &nd

are labeled Hiand H2. The perpendicular hfc components
for H1 and H2 are assigned by selective deuteration because
these resonance features are absent in the spectrlaniof
Figure 2, two additional pairs of features near the free proton
Larmor frequency are labeledsHand Hy''. These resonance
features must come from the terminal methyl protons of the
methanethiolsulfonate moiety. Moreover, the relative peak-
to-peak amplitudes of these two features are dependent on
solvent polarity. The resonance features corresponding'to H
are much more intense in a polar solvent such as MeOH,
while the features corresponding te'Hare more intense in

a nonpolar solvent such as chloroform/toluene (50:50 v/v).
This change is seen in both sets of spectrdaofind Ic;
however, the specific deuterium substitutionsdrallow the
change in intensity of the methyl resonance features to be
more easily recognized. Solvent-dependent changes in the
peak-to-peak amplitudes of the resonance features of methyl
protons indicate the presence of at least two conformers
differing in their electron-proton distances.
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‘ HI1)

04 06

MHz
FiIGURE 6: ENDOR spectra of SLMTCys irfHsmethanol with
Ho setting at A. At the top of the diagram, two line pairs are
identified for perpendicular hfc components of the two methylene
protons, labeled Hiand H2. For H* and H12 of the cysteine

side chain, two line pairs corresponding to their perpendicular hfc
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Table 5: Values of Dihedral Angles of the ENDOR-Constrained
Conformations of
S[3-(2,2,5,5-Tetramethyl-1-oxypyrrolinyl)methylthioll-cysteine

7 (deg)
dihedral angle conformel® conformer22  X-ray®
[C(3)=C(2)—C(1)-S(1)] 96+ 5 96+ 5 —107
[C(2)-C(1)-S(1)y-91] —55+ 10 —65+ 10 81
[C(1)-S(1)y-5—CF -80+ 15 160+ 15 103
[S(1)-5—-CF—CY —155+ 15 60+ 15 163
[S'—CP—C*—N] —135+ 30 180+ 30 —62

a Conformersl and2 of the spin-labeled methylthial-cysteine were
found from torsion angle search calculations based on the ENDOR-
determined distance constraints té, HHf1, HP2, and two methylene
protons listed in Table 4.Values of dihedral angles of SLMTCys in
the spin-labeled Val75Cys mutant form of T4 lysozyme were obtained
from the X-ray-defined structurel(). Atomic coordinates were
provided by W. L. Hubbell (personal communication).

protons. The detection of only two pairs of resonance features
for each proton requires that the observed ENDOR splittings
correspond to axially symmetric principal hfc components.
In Table 2, we have also listed the values of isotropic and
dipolar hfc components for each proton together with
corresponding electrefproton separations calculated on
the basis of the dipolar eq 1.

Conformation of SLMTSTo assign the conformation of
SLMTS, we have carried out a conformational search of the
torsion angles for rotation around the Q2C(1), C(1)-

components are identified by the stick diagram in the bottom part S(1), S(1)-S(2), and S(2yCy bonds (see the atomic

of the diagram, labeled# and H. The dashed lines indicate the

absence of proton resonance features in ENDOR spectra that ar

observed ifla but not in specifically deuterated analogues. In this
diagram, the resonance features fai ldnd H2 are not clearly

numbering scheme in Figure 1) within van der Waals hard

&phere limits 88), using ENDOR-determined electren

proton distances listed in Table 2 as constraints. ENDOR

resolved; therefore, the broad, overlapping feature is labeled only results indicated at least two conformers of SLMTS of which
as Hy. However, by data collection at an expanded scale, we have the relative populations were dependent on solvent polarity.

been able to show that the two distinct perpendicular hfc compo-

nents of H! and H?2 are present only in spectra b& andllc and
are separated by 40 kHz. The values of the hfc componentglof H
and H? are listed in Table 4. Other conditions are as in Figure 2.

Table 4: Summary of hfc Componefnt@nd Estimated
Electron-Proton Distances in
S[3-(2,2,5,5-Tetramethyl-1-oxypyrrolinyl)ymethylthioll-cysteine

proton A Ag Ass AP AP r (A)

H1(CH) 1.835 0.785 0.088 1.747—0.873 4.49 0.03
H2(CH;) 1.285 0.687 —0.030 1.315 —0.657 4.93+0.03
H#t 0.280 -0.280 6.55+ 0.07
H#2 0.194 -0.194 7.41+0.10°
He 0.345 0.174 —0.001 0.346 —0.173 7.71+0.08

ahfc components are in units of MHz. Uncertainty in the ENDOR
shift of 15-20 kHz estimated from the line width of ENDOR absorption
is included as the uncertainty in the calculation of electiproton
distances® Because the isotropic contributions of distant protanS (
A) are vanishingly small, we have calculated the values fufr the
two  protons of cysteine from their principal perpendicular hfc
components alone.

Figure 3 compares ENDOR spectra of SLMTS in polar
and nonpolar solvents witkly at position B of the EPR

Therefore, in addition to the electremucleus distances to
the methylene protons, we have correspondingly applied two
different ENDOR distance constraints: (i) the electron
proton distance of 5.81 0.05 A to the geometrically
averaged position of the methyl protons, label€@Cis);

and (ii) the electrorproton distance of 7.38 0.08 A to

the methyl protons, labeledICH;). The ENDOR data in
the first set of calculations, corresponding to the SLMTS
molecule in chloroform/toluene, limit the number of con-
formations within van der Waals space to a very small range,
resulting in a nearly unique conformation of the methyl-
methanethiolsulfonate side chain with respect to the spin-
label moiety. However, for the molecule in MeOH, two
regions of conformational space were found compatible with
the ENDOR distance constraints. In Table 3, we have
summarized the values of dihedral angles for the three
conformers, and in Figure 4, we have illustrated the molec-
ular structures of the three ENDOR-compatible conforma-
tions of SLMTS. These structures correspond to the mean
values of dihedral angles listed in Table 3. Itis seen that the
three structures differ primarily according to the relative
orientation of the Ch-S— group with respect to the spin-

spectrum. In addition to the perpendicular hfc components label moiety across the S(5(2) bond.

of the methylene and methyl protons identified in Figure 2,

Conformerl is of high population in chloroform/toluene

the resonance features corresponding to the parallel hfcbut is of low population in MeOH. The opposite obtains for
components are also seen and assigned on the basis of angleonformers2 and 3. Because the freezing temperature of
selected ENDOR and selective deuteration. In Table 2, we both solvent systems employed in this investigation is
have summarized the observed values of the parallel andapproximately—100°C, the difference in conformer popula-
perpendicular hfc components of the methylene and methyltion cannot be ascribed to a temperature-dependent equilib-
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FiGURe 7: Stereo diagram of the ENDOR-determined conformations of SLMTCys. The two conformers, latzeid@, were obtained
from torsion angle search calculations constrained by ENDOR-determined eleptaion distances to the methylene protong, H,
and H?Z, listed in Table 4. The ENDOR-significant hydrogen positions with the corresponding elegtraton distances are shown in
addition to non-hydrogen atoms.

rium. To explain the origin of the solvent dependence of are predominant in MeOH, hydrogen bonding of the solvent
conformer populations, we suggest that the interactionsto the —SSQ— group must diminish unfavorable dipole
between the solvent and the SLMTS molecule must be of interactions. This interaction may also favor populating one
importance, in analogy to the results of earlier investigations of these conformers over the other. Comparison of the
in which the relative populations of conformers were found fractional solvent accessible contact surfad®) (of the

to be dependent on the dielectric constant of the solvent and—SSQ— group relative to the total surface area of each
hydrogen-bonding interaction$4). To this end, in Scheme  conformer, as illustrated in Figure 5, shows that (i) the
3, we show the directions and magnitudes of ground-statesulfonate group in conformerk and 2 exhibits essentially
electric dipoles associated with the C§(1) bond and the  equivalent contact areas and that (ii) the solvent accessibility
sulfonate group, on the basis of experimentally determined to the § atom of the-SSQ— group in conformeB is more
values of the electric dipole moment in chemically similar restricted than in conformetsand2. The reduced area of
compounds4?2). The conformer dependent contribution of the —SSQ— group in conformer3 for hydrogen bonding
this dipole-dipole interaction to the potential energy of with solvent will decrease its population in polar solvents
SLMTS was calculated as1.52 kcal/mol for conformet, compared to conformersand2. On this basis, we suggest
—1.02 kcal/mol for conforme®, and —0.96 kcal/mol for that the conformational equilibrium occurs largely between
conformer3. Accordingly, the Boltzmann predicted fraction conformers1l and 2 and that conforme3 is likely of

of molecules in conformet is 69% at room temperature, negligible population.

while at —100 °C this increases t6-81% with conformers ENDOR-Constrained Conformation of SLMTCFégure

2 and3 accounting for 19% of the molecules in the system. g jjjustrates proton ENDOR spectra of SLMTCys with
According to Scheme 3, the two dipoles in conformers at setting A. At this magnetic field setting, only one pair of

1-3 make angles of 101 79", and 73, respectively,  resonance features is seen for each proton, as for SLMTS in

changing their projection onto each other from slightly Figure 2. The resonance features of the two methylene

antiparallel and Stablllzmg to Sl|ght|y parallel and destabiliz- protons observed in spectra of 0n||w and Ilb can be

ing. The chloroform/toluene solvent provides little dielectric assigned directly by selective deuteration and are designated

screening and at most only weak hydrogen-bonding inter- 41, and H2.. In Figure 6, two additional pairs of features
actiong that could further diminish unfavorable dipole
interactions. Therefore, we conclude that the relative popula- 3 _ —
tions of conformers in chloroform/toluene are determined . 'he hydrogen atom in the chioroform molecule is acidic. Nonethe-
. . . less, the energetic contribution of an aliphatie ig---O or C—H---S
directly through Boltzmann considerations. On the other pygrogen-bonding interaction is small as compared to that provided

hand, because conform&and3 of higher potential energy by O—H::-O or O—H--S interactions 43, 44.
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near the free proton Larmor frequency are seen and are
designated B and H#. In the spectrum oflld, the
resonance features must come frofhdfithe cysteine moiety
because the C(1) and’@toms are deuterated. Although the
resolution of resonance features fB¥** and H? is not
apparent in this figure, their overlapping features could be
assigned from spectra recorded on an expanded scale (data
not shown). While the parallel hfc components fdt &hd
the two methylene protons could be assigned from ENDOR
spectra of correspondingly selectively deuterated analogues
of SLMTCys with Hy at setting B (data not shown), the
parallel hfc components fdd®! and H? were not identifi-
able. For this reason, estimates of their corresponding
electror-nucleus distances were made only on the basis of
their perpendicular hfc components. In Table 4, we have
summarized the observed values of the principal hfc com-
ponents of the methylene protons?,tand H#* and H? of
SLMTCys. We have also listed in Table 4 the values of
isotropic and dipolar hfc components, and electrproton
separationsrj together with their corresponding uncertain-
ties.

To determine the conformation of spin-labeled methylthiol- 06 04 02 6 02 04 06
L-cysteine, we have carried out torsion angle search calcula- MHz
tions constrained by ENDOR-determined distances as for FiGUrRe 8: ENDOR spectra of the spin-labeled Glu240Cys mutant
SLMTS. The search calculations were applied for simulta- of TEM-1 S-lactamase wittH, at setting A. ENDOR spectra are

; shown for the following samples in top-to-bottom order: SLMTS
heous rotation around the CY2C(1), C(1)-S(1), S(1)- + B-lactamase; SL[2H,]JMTS + S-lactamase; SLMTS- perdeu-

s, §-C, di_cag C*—C, and C—N bonds. In Table 5,  erateds-lactamase; and SL[H,JMTS + perdeuterateg-lacta-
we have summarized the values of dihedral angles for themase. The final concentration of the enzyme was X604 M,

two conformers accommodated by the ENDOR constraints and the enzyme was buffered to a pH or pD 7.0 with 0.02 M
in Table 4. In Figure 7, we have illustrated the molecular E8E 8 At o e ampios for ENDOR. A
structures of the two ENDOR-compatible conformations of the top of the diggram, two I?ne%airs are identifi?ad for perpendicular
SLMTCys, labeled and2. These two structures were drawn  htc components of the two methylene protons, labeled kid
according to the mean values of dihedral angles listed in H2.. In the lower part of the diagram, two line pairs are identified
Table 5. The two conformations of SLMTCys are nearly for perpendicular hfc components of H* and H of the cysteine
identical with respect to rotation about the G(C(1) and side chain and are labeled*Hand Hyp. Other conditions are as
C(1)-S(1) bonds, and they exhibit similar dihedral angles 0S¢ in Figures 2 and 6.

tq t_ho_se in SLMTS. On the _other hand, the_ structu_ral O and ¢—S bonds were clearly defined in all four
similarity does not extend to dihedral angles W|th_ rotation iy ctures with values ranging among all three classical
around the -S(1), -9, and Q—d* bond;. The dihedral conformationgg*(60°), g~ (—60°), andt(18C%).2 Only in the
angle about the’S-S(1) bond in X-ray-defined structures g cyre of the Val75Cys mutant, in which the spin-label
of L-cysteine corresponds either to left-handed$ =+ 107) moiety is immobilized through nearest-neighbor contact
(46-48) or right-handed (75t 10°) chirality (49). The interactions, was the oxypyrrolinyl ring stabilized so that all
dihedral angle [€-S'—S(1)-C(1)] of canformer 1 of of the atoms were identified in the electron density nief).(
SLMTCys was found to be-80 + 15° corresponding to & y/ajyes of dihedral angles of SLMTCys in the Val75Cys

disulfide of left-handed chirality. In contrast, for conformer ., tant form of T4 lysozyme as determined by X-rayL)(
2 of SLMTCys, the value of this dihedral angle was 360 ¢ gis0 listed in Table 5. The X-ray-defined structure of

1_5°, differing _significantly from that of classical conforma- {10 spin-label attached to the cysteine side chain in the
tions. For this reason we believe that conforngrof Val75Cys mutant of T4 lysozyme. () is not unlike that of

SLMTCys represents a geometrical solution accommodating conformert of SLMTCys in solution except for the terminal
the distance constraints within van der Waals conformational dihedral angle around the’€C* bond. Values of the other

space butis unlikely to be populated significantly in solution. ¢, gihedral angles differ from each other only according
It is of interest to point out that X-ray structures of g reflection. This is seen by the values of the dihedral angles

Lys65Cys, Arg80Cys, Arg119Cys, and Val75Cys mutants i, Taple 5. They are comparable in magnitude but differ only

of T4 lysozyme with a disulfide-linked nitroxyl spin-label i, sign. It is important to point out here that, as in SLMTS,

side chain  C*H—C’H,—S'—S(1)-C(1)H2-(3-(2,2,5,5tet-  \ye have also found by ENDOR two conformations for

ramethyl-1-oxypyrrolinyl))] Qttached to the cysteine residue SLMTCys around the S(BS’ bond. However, Hubbell and

have been recently determined by Hubbell and co-workers o workers did not report multiple conformers around the

(11). Although the conformation around the Q2C(1) bond S(1-S bond of spin-labeled T4 lysozyme mutantsLy,

of the spin-label could not be determined in three of the

mutant proteins and the oxypyrrolinyl ring was not fully 3The conventions and nomenclature used are those described by

identified in the electron density maps because of local he jUPAG-IUB Commission on Biochemical Nomenclature, (1970)
structural disorder, the two dihedral angles around ttte C  Biochemistry 93471-3479.
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Ficure 9: Stereo diagram of the ENDOR-determined structures of SLMTS in the active site of the Glu240Cys mutant offTiadtainase.

The blue-dotted surface represents the calculated solvent accessible surface of the act&g sitel (mportant active site residues are
identified by sequence number. As seen in this diagram, the active site cleft near the spin-labeled thiomethoxy-modified side chain of
residue Cys240 is not sterically restrictive. The structures of the two conformers of free spin-labeled methglkieine in solution,

shown in yellow and orange, respectively, for conformeend?2, are directly accommodated by the calculated solvent accessible surface
and the ENDOR-determined electreproton distances listed in Table 4. The extensive solvent exposure of the oxypyrrolinyl ring is, thus,
consistent with the observation that the spin-label cysteine adduct in this instance is associated with the conformation of the free molecule.

The X-ray structure demonstrates that the conformation of chain of Cys240 in the Glu240Cys mutant was slightly
the spin-labeled cysteine adduct in proteins is determinedshifted from the X-ray defined position of the corresponding
by steric contacts of nearby residues in the protein. Of interestGlu240 residue in the native enzym@&7). Here, we have
to note from our comparison of the conformers of SLMTCys employed SLMTS to determine its conformation when
with the spin-label at position 75 in the T4 lysozyme mutant reacted with the Glu240Cys mutant of TEMBdactamase.
is that this site would have sterically accommodated con- Figure 8 illustrates proton ENDOR spectra of the
former 1 but not conforme@. As noted by Hubbell and co-  Glu240Cys mutant form of TEM-#-lactamase reacted with
workers (1), the spin-label cysteine adduct is sufficiently SLMTS. The two upper ENDOR spectra were recorded with
flexible with respect to torsional changes and, therefore, is fully protiated TEM-1 3-lactamase, while the two lower
accommodated readily into binding sites in proteins with little spectra were recorded with enzyme randomly enriched with
perturbation of the protein away from its native structure. covalent deuterium (8890% “H) obtained by growth of
ENDOR and Molecular Modeling of SLMTS in the Aeti genetically engineered bacteria in perdeuterated minimal
Site of TEM-18-Lactamase3-lactamases are widespread medium @Q9). The resonance features of two methylene
bacterial enzymes that effectively inactivate the classical protons are assigned by selective deuteration and are labeled
p-lactam families of antibiotics and play a major role in H1; and H2, at the top of the diagram. By comparison of
bacterial resistance. Among the four classes [A, of the these ENDOR spectra with the spectra of SLMTCys, two
class A enzymes, particularly, the TEM plasmid is the most additional pairs of features near the free proton Larmor
notorious because of its proven ability to readily mutate into frequency are assigned to*tnd H! and H? of Cys240
forms capable of resisting even the newest generation ofand are labeled # and H{ at the bottom of the diagram.
p-lactamase inhibitors. TEM-P-lactamase is very well ~ While these ENDOR features are similar to the spectra of
characterized through X-ray crystallographic studs®.(\We SLMTCys in solution, the intense matrix ENDOR absorption
have recently reported ENDOR structural characterization observed in the two upper spectra, not observed for SLMT-
of a catalytically competent acylenzyme intermediate of Cys under similar solvent conditions, indicate that SLMTS
TEM-1 -lactamase with a spin-labeled penicillin substrate is covalently attached to the mutant Cys240 residue. The
(23). In that study, we have determined the positions of the observed hfc components yield essentially identical eleetron
cysteine residues in Met272Cys and Glu240Cys mutantsproton distances to those of SLMTCys in solution listed in
through chemical modification of the cysteine residue with Table 4.
methylmethanethiolsulfonat@3d). The results indicated that Figure 9 illustrates the spin-labeled thiomethoxy group
the position of the chemically modified residue at position covalently attached to Cys240 in the active site of TEM-1
272 was essentially identical to its unmodified counterpart g-lactamase modeled on the basis of X-ray defined atomic
in the native or wild-type enzyme. On the other hand, the coordinates of the free enzym@&7j. The residues to define
ENDOR results showed that the thiomethoxy modified side the active site surface were selected as described e@%er (
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Both conformers of the spin-label moiety in Figure 7 are 2.
accommodated by the calculated solvent accessible surface
(45) of active site residues in the Glu240Cys mutant of
TEM-1 g-lactamase. The Cys240 side chain in the mutant
enzyme is probably shifted upon reaction with SLMTS, as
with methylmethanethiolsulfonate found in our earlier study
(23); however, there is no spectroscopic signal that allows
us to measure the change in position. As seen in Figure 9,
the active site cleft near residue 240 is not sterically
restrictive, and both conformers of the spin-labeled thi-
omethoxy moiety determined by ENDOR for the free
molecule in solution are sterically accommodated within the
active site of the enzyme. We can thus conclude that
chemical modification of residues in this region of the active
site with SLMTS has not evoked large changes in the
structure of TEM-15-lactamase.

CONCLUDING REMARKS

Site-directed spin-labeling has been heretofore applied to
determine topology in membrane proteins, to locate helical
and p-sheet regions in proteins, and to follow protein
conformational changes, only by EPR spectroscopy. By using
a thiolsulfonate derivative with the unsaturated five-
membered oxypyrrolinyl ring, as shown in Scheme 1, we
have demonstrated that the spin-label probe is indeed suitable
as a structural probe for ENDOR spectroscopy. The results 16.
presented here demonstrate the usefulness of ENDOR as an
accurate, noncrystallographic method for determining the 17.
structures of molecules in (frozen) solution. In this investiga- 18
tion, we have provided detailed three-dimensional structures =~
of SLMTS, spin-labeled methylthial-cysteine, and of
SLMTS bound in the active site of the Glu240Cys mutant
of TEM-1 -lactamase. Despite the usefulness of SLMTS 20.
as a paramagnetic and structural probe to investigate protein
structure and dynamics, the molecular structure and confor-
mation of the molecule in solution has not been determined
heretofore. The results of this study show that ENDOR 55
spectroscopy of nitroxyl spin-labels is most incisively applied 3.
to problems requiring precise definition of the detailed local
structure of molecules in solution. Coupled with biosynthetic 24
methods for random or site-specific deuteration of proteins,
spin-labeled cysteine mutagenesis can be advantageously“~
applied with ENDOR spectroscopy to determine structure ,g
and conformation of biological macromolecules.
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SUPPORTING INFORMATION AVAILABLE 30.

Two torsion angle maps: (a) for rotation around the 3;
C(2)—C(1) and C(1)S(1) bonds, and (b) S(#) and
C(1)—S(1) bonds of SLMTCys, showing conformational
space allowed by only nonbonded van der Waals contacts
and by ENDOR-determined distance constraints along with 33
vdW contacts and comparing them with the conformation 4
determined by X-ray diffraction studies. This material is
available free of charge via the Internet at http://pubs.acs.org. 35
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