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ABSTRACT. The Leu99—Ala mutant of T4 lysozyme contains a large internal cavity in the core of its
C-terminal domain that is capable of reversibly binding small hydrophobic compounds. Although the
cavity is completely buried, molecules such as benzene or xenon can exchange rapidly in and out. The
dynamics of the unliganded protein have been compared to the wild-type protein by measuring the NMR
spin relaxation rates of backbone amide and side chain methyl nuclei. Many residues surrounding the
cavity were found to be affected by a chemical exchange process with a rate of=1800 s%, which

is quenched upon addition of saturating amounts of the ligand xenon. The relationship between the structure,
dynamics, and energetics of the T4 lysozyme mutant is discussed.

An understanding of protein dynamics is critical for a mational rearrangements are necessary to generate a path
complete description of many biological processes (1—7). along which the substrate may enter into the binding pocket,
Atom-specific information about structure and to a smaller involving the movement of both backbone and side chain
extent flexibility has traditionally been derived from X-ray atoms. Enzyme release rates for substrates consisting of
crystallography [see, for example, Hub&) @nd Alber et 10—100 atoms have been measured to be 1/s (13).
al. (3)], which has revealed the importance of protein motion Thus, the frequency of any required protein motion should
in processes such as enzyme catalysis. The modes, frequereoincide with or exceed these rates, yet little experimental
cies, and amplitudes of motions which occur on a time scale data exist in this regard. One model for the study of the
of several nanoseconds have been characterized in detail bglynamics involved in binding of buried ligands is a
molecular dynamics calculation$,(8). In addition, high- Leu99—Ala mutant of T4 lysozyme which contains a large
resolution NMR has proven to be an extremely valuable tool cavity capable of binding a number of ligands such as
for the study of protein internal dynamics at atomic resolution substituted benzenes and xenon (34, 40, 51). To what
[reviewed by Wagner and Withrich9), Palmer (10), extent are motions on thes—ms time scale available to
Jardetzky (11), and Kay (12)]. In the past decade, a largethe protein core of this cavity-containing mutant of T4
number of NMR studies reporting on rapid (picosecond to lysozyme? To answer this question, we have used a suite
nanosecond) backbone dynamics in proteins have appearecof NMR experiments measuring backbot® and side
The emerging picture is that for the most part these fast chain methyPH spin relaxation rates as well as experiments
motions result in small~0.5 A) excursions of backbone sensitive to backbonéH and side chain methyC and
atoms from their mean positions in the protein. In contrast, *H spin relaxation to probe both fast {(pss) and inter-
far less is known about motions of side chains and dynamicsmediate (us—ms) time scale dynamics throughout this
occurring on longer (millisecond to microsecond) time molecule.
scales that are likely responsible for binding and catalysis
in many systems. For example, in the case of enzymes,MATERIALS AND METHODS

substrate molecules require access to catalytic sites that Sample Preparation.The three samples used in experi-
can be partly or even completely buried. Transient confor- pants. corresponding to wild type (WT)recombinant
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tained from M9 media using a 1:1 volume ratio of@ the identification of residues that undergo chemical exchange
H>0. Purified NMR samples were dialyzed into NMR buffer were carried out as follows: Initially all the residues in the
containing 50 mM sodium phosphate and 25 mM NacCl at protein for which relaxation data were obtained were
pH 5.5. Sample concentrations were checked by UV absor-included in the calculation of the diffusion tensa28)
bance at 280 nm and varied between 1.0 and 1.4 mM. Xe-followed by model-free analysis29, 30 during which
binding experiments were performed using a model 524- residues withRex were identified. These residues were
PV-7 pressure NMR tube obtained from Wilmad Co. subsequently eliminated from the next iteration step, and the

NMR SpectroscopyAll NMR spectra were collected at  process was repeated until no residues Wigh> 1 s™* were
25°C on Varian Inova 600 and UnityPlus 500 spectrometers. obtained in the model-free analysis step. The results from
Backbone!®N,'H and side chain methyfC,'H resonance the final trimmed data set indicate that L99A is best
assignments of L99A and L99A under 60 psi xenon pressureapproximated by a prolate with a ratldpa/Dper = 1.32
were obtained primarily through analysis of 3D HNCACB, of the principal componentSya; = Dzz andDyer = Dxx =
(H)CC(CO)NH-TOCSY, H(CC)(CO)NH-TOCSY**N-ed- Dyy of the axially symmetric diffusion tensor. Large reduc-
ited H-'H NOESY, and'H-1>N TOCSY-HSMQC experi-  tions in the error functiony? describing the agreement
ments [reviewed by Sattler et §1.6)]. Previous assignments between experimental and calculated relaxation values
of wild-type T4 lysozyme17, 18)were also helpful. Valine  were obtained when anisotropic models for the diffusion
and leucine residues were discriminated in a correlation tensor were employed relative to a model based on isotropic
experiment that differentiates methyl groups on the basis of tumbling. F-statistics were used to compare whether the
Val 8 and Leuy *C chemical shifts(19). From this improvement in the fit with additional parameters was in-
experiment, it was also possible to unambiguously assigndeed significant. The probabilitp that the improvement
lle y, andd; methyl resonances. Methionine methyl assign- using an axially symmetric diffusion tensor was due to
ments were obtained from a long-range-C coupling chance was less than 10 (F = 88, 118 residues); a further
correlation experiment20). Stereospecific assignments of decrease iny? upon including a rhombic term was not
Val and Leu methyls were obtained by the method of Neri considered significant{= 2.7,p = 0.07). Analysis of side
et al.(21). Using this approach, complete assignments were chain relaxation data was performed as described previously
obtained for the backbone amide and side chain methyl (23).
groups of WT and L99A lysozyme, the latter with and 15N CPMG R; values were measured as a function of the
without 4 bar (60 psi) xenon. 15N 180 pulse spacing, 2, as described previously2,

Backbone dynamics were investigated by measuring amide31) with low-power®N 180" pulses (127«s) employed to
15N Ty, T2 and®™N{*H} NOE values as described previously avoid sample heating. The relaxation dispersion was fitted
(22). Side chain methyl deuteriuffy, and Ty, values were as a function of the average rf fieldgpmc = (47¢p) %, using
obtained from the relaxation ofC;Dz, 1;CzDy, and kC; equations applicable to two-site fast exchang®:= R,-
operators, as described by Muhandiram et28).(Backbone  (Vcpvg = ) + Roex WhereRy ex= paPed@?Ted1 — 4vcpmcTex
and side chain relaxation measurements were acquired at 60@arh(4vcemctey) Y (25, 39, wherep; is the fractional pop-
MHz using 100%'N/*3C, 50%?2H labeled samples, unless ulation of site i,0w is the difference in the resonance fre-
stated otherwise. THéN relaxation data have been submitted quencies of nuclei at the two sites expressed in angular
to the Indiana Dynamics Database at the University of frequency units, and.y is the exchange correlation time,
Indiana (http://pooh.chem.indiana.edu/IDD.htr#iiN-'H CP- related to the forwardkf) and backwardi(,) rate constants
MG-HSQC and reference HSQC experiments were acquiredby tex = (ki + k-1) 7. The statistical significance of including
as described in Mulder et al24), by placing the'H and the R, exexchange term in the fit of the dispersion data (i.e.,
15N carrier frequencies in the center of the amide spectrum one versus three parameters) was baseé-test criteria,
and suppressing the solvent signal by a selective off- treating a probability that the improvement is due to chance
resonance pulse at the beginning of the pulse sequenceas significant if it is less than 0.05. Relaxation ratesaafic
followed by a gradient.’3C-'H CT-CPMG-HSQC and = O (free precession limit) for eacfN spin were calculated
reference HSQC experiments were acquired by placing thefrom N line widths in a refocused HSQC with decoupling
1H and *°C carrier frequencies in the center of the methyl in t; achieved using the DIPSI-3 schen38)( The line widths
region (CPMG-HSQC pulse sequences have been depositedavere obtained from line shape analysis in the frequency
at the BioMagResBank http://www.bmrb.wisc.eddN domain @6). A contribution of~3 Hz to the line width due
CPMG R, experiments with variable CMPG-delays were to inhomogeneity and incomplete decoupling was obtained
performed as described previousl25( on '>N-labeled for resonances without exchange (calculated by comparing
samples of WT* and L99A, while all other experiments were the measured line width with the line width predicted from
recorded on samples of WT or L99A. All data were fitting of the relaxation rates) and consequently accounted
processed and analyzed using NMRPigé)( for in the analysis 34).

Analysis of Backbone and Side Chain Dynantzckbone
and side chain relaxation rates were determined by fitting RESULTS AND DISCUSSION
the intensities in the spin relaxation experiments described Engineered T4 Lysozyme Contains an InternakiGa
above to a single exponential as a function of the relaxation Capable of Binding Ligand3-he protein T4 lysozyme (T4L)
delay. Prior to extraction of parameters describing local has been extensively studied as well as engineered. The
backbone motions, a diffusion tensor analysis was carried structures of a large number of T4L variants have been
out using the crystal structure of L99A [pdb entry code 1L90 determined by X-ray crystallography, and have been comple-
(27)]. (A similar analysis was performed for data recorded mented by thermodynamic studies of their stability to global
on WT.) Optimization of the diffusion tensor parameters and unfolding 35—38). Various cavity-containing forms have
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Ficure 1. Three-dimensional representations of L99A T4 lysozyme. (a) Schematic ribbon representation. The helices and residues at the
start of secondary structural elements have been labeled to facilitate the discussion in the text. TheSAtatByCcarbon is shown as

a white sphere. (b) Cross section through a space-filling representation. The continuous van der Waals surface, drawn with a 1.4 A probe
radius, is cut by the plane of the paper. All atoms shown lie behind the black plane, with the outside surface of the protein colored green
and the internal cavities shown in white. The larger white surface affords a view down into part of the internal caxi§0ok? that is

formed by the Leu99-Ala substitution 85). The van der Waals surface at the bottom of the cavity is made up by the side chain of Tyr88.
Other residues that are in close contact with the cavity include 1le78, Leu84, Val87, Leu91, Ala99, Vall03, Leull8, and Phel53. (c).
Schematic ribbon representation highlighting the locations in the protein where fast and intermediate time scale motions have been identified.
Contiguous segments of the backbone that are affected by conformational exchange are colored green. Side chain methyl groups for which
us—ms time scale dynamics have been detected at carbon (proton) nuclei are shown as green (orange) spheres, while those for which
increases in psns time scale dynamics have been noted are highlighted in blue. Figure prepared with MOIG8OL (

been created that can bind small, mostly hydrophobic as possible, the relaxation of a large set of spin probes was
compounds, such as substituted benzenes and x8804(, monitored, including®N and'H spins of backbone amide
51). The cavity mutant used in this study, L99A, has the groups andH, ?H, and3C spins of methyl side chains.
substitution LetAla at position 99 which results in strongly Qualitative information about the presence of protein
reduced thermal stabilityNA Gunfolding at 44°C = —5.0 kcal/ flexibility is readily obtained by comparing correlations in
mol andAT, = —15.7°C (27)]. Recent NMR studies have 2D '*N-'H HSQC spectra. Motions of amide bonds occurring
established that the off rates for binding of benzene and on the picosecond to nanosecond time scale that are of
indole to L99A are rapid, on the order of 300 and 808,s  significant amplitude result in sharp resonance lines. On the
respectively, at 20C (14). Truncation of the side chain, by  other hand, motions on the millisecond to microsecond time
the equivalent of three methylene groups, leaves the structurescale which modulate the chemical shift environment of
virtually unaltered relative to wild type (WT), and enlarges nuclei lead to broad and weak resonance lines. These so-
a preexisting completely buried internal cavity to about 150 called “chemical exchange” processes also result in a
A3(27). Figure 1 shows a schematic overview of the protein decrease in efficiency of polarization transfer steps in NMR
topology, illustrating that it is comprised of two domains. A experimentsZ4, 43 and hence a decrease in signal intensity.
cross section through a space-filling model of the protein Figure 2a-c shows portions of 2B°N-'H HSQC spectra
reveals the large internal, buried cavity present in the obtained for WT, L99A, and L99AXe, respectively.
structure of L99A. Crystallographic temperature factors for Clearly, some of the resonances in the spectrum of the
WT and L99A (taken from pdb entry codes 6LZM and 1L90, Leu99—Ala mutant are very weak relative to the corre-
respectively) are essentially the same and are low for thesponding peaks in WT, providing the first line of evidence
majority of the residues in the cavity-containing C-terminal for the presence of relatively slow internal motions. Figure
lobe 27, 41, 42. Thus, insight into the dynamic processes 2d shows that théN transverse relaxation ratdRs) for
required for ligand exchange in the L99A variant is difficult Thr142 is indeed increased significantly. To obtain a more
to obtain from static three-dimensional structures of these quantitative picture of the backbone dynamics of WT and
molecules. mutant protein!®N R;, R, and heteronucledPN{'H} NOE
Conformational Exchange Affects an ExtessPortion values were measured for the three samples. A comparison
of the Protein Surrounding the @iy. The internal dynamics  of >N order parameters, measuring the amplitude of the
of WT, L99A, and L99A saturated with respect to chemical amide N-H bond vector motion, establishes that there is
shift changes by the addition of xenon (4 bar/60 psi xenon essentially no change in the fast backbone dynamics between
pressure, denoted by L99AXe in what follows) have been  WT and L99A. T4 lysozyme forms a very rigid scaffold with
investigated on a per residue basis by NMR spin relaxation increased psns dynamics only at the termini (Asn2 and
to obtain a description of internal flexibility on fast and Leul64) and two loop residues (Ser38 and Ser136). Tyr139
intermediate time scales. To generate as complete a picturds the only residue which is slightly more dynamic after
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Ficure 2: Exchange contributions to backbol®l and!H transverse relaxation rates for L99A. Panels a, b, and ¢ show portions of 2D
15N-1H HSQC spectra obtained for WT, L99A, and L99Xe, respectively. (d}°N R, relaxation curves for Thr142 in WT (black filled
circles) and L99A (red open squares). (e) Plot of calculated local diffusion conBtg@sresidue in L99A as a function of the orientation

of the N—H bond vector in the frame of the axially symmetric diffusion tensor. Points which were included (excluded) from the calculation
of the diffusion tensor are shown in black (red). The solid line illustrates the dependeBceroN—H bond vector orientation for rigid

body motion:D = (Y3Dpar + %3Dperp — 3Pz (c0s 0)(Dpar — Dperp. Points below (above) the line represent residues in regions of the
protein that experiences—ms (ps-ns) time scale dynamics. (f) Values of the fitteg contributions obtained from the model-free analysis

of the 15N backbone relaxation data for L99A. A diagram of secondary structural elements is provided at the top of the panel. (g) Residue-
specific differences of®N R, relaxation rates between L99A and WRR, = R4 — RWT, (h) Enhancement factors obtained from a
comparison of spectra recorded on L99A with CPMG-INEPT- and free-precession INEFH HSQC pulse schemes. Large values of
ncpme indicate exchange contributions to the line width.

creating the cavity, but this mobility is quenched by the small [Rex(**N) < 2.1 s'!] but measurable for a number of
binding of xenon (see below). residues in WT. In the case of L99A, many residues required
Intermediate time scale dynamics were detected by the inclusion of a larg&e« term in the model-free analysis,
calculating the excess contributions to the transverse relax-as shown in Figure 2f. Residues Phe4, Leu7, Arg8, Lys48,
ation rate of N nuclei, arising from time-dependent Val57, 1le78, Arg80, Asn101, Met106, Glu108, Gly110,
perturbations of the chemical shi#t4). Since a large value  Vallll, Gly113, Phel14, Ser117, Leul18, Arg119, Lys135,
of the 1N R, may also result from nonisotropic molecular Tyr139, Asn140, GIn141, Thr142, and lle150 have significant
tumbling @5), contributions from chemical exchang®- Rex values, indicating that they are affected by intermediate
(*N), were extracted by an optimization procedure in which time scale motions. It is noteworthy that residues in helices
elements of the diffusion tensor and per-site motional E, F, and | are strongly influenced by exchange in L99A
parameters were calculated in an iterative manner aswith the effects of exchange significantly reduced but not
described under Materials and Methods. Figure 2e showseliminated for some residues in these helices in the WT
the per-residue diffusion constafl, for L99A plotted as a  structure. Rex(*>N) contributions that either are a direct
function of N—H bond vector orientation. Residues in black consequence of the introduction of the cavity or are
were used in the final iteration to obtain the values of the significantly influenced by the cavity could be identified
diffusion tensor, while those in red correspond to residues directly from the increase in the values f6N R, for L99A
with increased psns (above the line) ons—ms (below) relative to WT,AR;, since WT and L99A have the same
time scale motion. Upon including anisotropic tumbling into 3D structure 85) (Figure 2g). Positive excursions from the
the model-free analysis3Q), exchange contributions were baseline indicate increased millisecond to microsecond time
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scale dynamics in L99A and correspond for the most part to 1C (ppm) 30 &)~ E— T DENE IRICHERE
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analysis, summarized in Figure 2f. Note tRa{(**N) values . A2 A "ZZZIS § 35558 g

for residues Lys48, Val57, lle78, Arg80, and Ile150 (Figure ©3%%0 |1 =

2f) are probably not a direct result of the cavity, since they A”"@e;‘,?iu@ 1ol 10

do not contribute t&\R,, but arise from other slow dynamic 18 16 14 12 56 om) °

processes present in both WT and L99A. Interestingly, [, wme . Terc | o

residues 57, 78, and 80 are situated at the “hinge” regions A9:; agy M0 - 02 all N

between the two domains, which have been previously |% Q%g‘ 8 oy B = | ER—

implicated in domair-domain motion 46). RE O« ?@ ® = [
In addition to thé™N spin relaxation experiments described k223 H-220 19 ol

above which are sensitive to magnetic field fluctuations at Vio °C (ppm) ;

amide nitrogen positions, contributions to relaxation of amide ¢ v 116 o4 £ {

protons from exchange have been qualitatively assessed by| ae"8! SR, o “Has? 4]5} !J :

15N-1H CPMG-HSQC experiment24, 47). In these experi- S 2 @ 118 ot -ﬁ"fé"‘“ !-"IPH‘I’

ments, a pulse train of variable repetition rate is incorporated |2 %o 134911501 19

. . . 1.8 1.6 14 1.2 50 100 150

into the heteronuclear polarization transfer steps of the HSQC 1 (opm) esidue number

experiment, and the resultar]t spectral Intensities eanQe Ficure 3: Side chain methyl dynamics in L99A. Panels a, b, and
transverse relaxation contributions due tq conformational . ghow portions of the methyl regions of 2BC-1H HSQC spectra
exchangeRe(*H). The enhancement of the signal by CPMG-  obtained for WT, L99A, and L99AXe, respectively. In (b), cross-
INEPT (Icpmc) relative to free precession INEPT-based peaks below the threshold plotted are denoted by *. (d) Intensity
HSQCs is expressed @spvc = (Icpvc — lHsod/Insoc and ratio (7zzz) of 2D cross-peaks if’C-H HSQC spectra of L99A

Y v . recording the decay ofC; and C;Dz components, respectively,
values ofycpms > 0 indicate millisecond to microsecond 5 o %o lavation delay [Figures 6b and 6a, respectively, of
time scale dynamics. The enhancement factors obtained for\yhandiram et al.Z3)]. A diagram of secondary structural elements

the backbone amide protons of L99A are presented in Figureis provided at the top of the panel. (e) Residue-specific enhancement
2h. Large values ofjcpme (>0.13) indicateRe(*H) for factors of cross-peaks inl spectra of L99A recorded using CPMG-
residues Phed4, 1le29, Asp70, 1le100, Phel04, Gly107, INEPT and free-precession INEP¥C-'H HSQC schemes. Only

large, positive values oficpmc are shown, indicating exchange
Vallll, Gly113, Thrlls, Serll7, Leulls, Argll9, GInl4l, contributions to théH line width. (f) Difference in methy?H order

Thr142, and Alal46. Not surprisingly, these experiments paramete., AS, for WT relative to L99A. Positive deviations
identify intermediate time scale dynamics in the same region from zero indicate increased flexibility for L99A relative to WT.
of the protein as found from®N-based relaxation experi- Data for Alg, Thry2, Mek, lley2, Lew1, and Vaj1 are shown
ments. The combined analysis is, however, more complete'” panels a-f at the appropriate residue number, whereas data for

. - . ST . g, lledl, Lew2, and Va2 are displaced by0.5 unit along the-axis
since it is possible to gain insight into the origins of the \ge'thanS values arise largely due to subtle changes in structure

modulation of the chemical shiféd{, 48 (see below). caused by the L99A mutation and cannot be interpreted as arising
Side chain dynamics were also probed by both approachesgxclusively from differences in mobility between open and closed
including methyl?H R; andRy, relaxation 23) and3C-'H states since the closed conformation dominates in both WT and

CPMG-HSQC experiments. Since the cavity in L99A is lined =994 (see text).

predominantly with methyl-containing side chains, changes dipolar relaxation reflect fast (pa1s) time scale dynamics

in the relaxation rates of methyl-bound spins present a highly and can lead to intensity variations of as large~&@9% in
valuable diagnostic of dynamic changes in the protein core cross-peaks for differedtd-13C methyl spins. In Figure 3d,

as a result of the amino acid substitution. Information about the ratios of cross-peaks obtained in th€4 experiment
slow motions involving methyl side chains can be obtained relative to those from the;C;D; experiment §zzz) are
from the disappearance of spectral peaks due to chemicalplotted as a function of residue number for L99A. The
exchange in 2D'C-'H correlation maps obtained from majority of residues are a factor of 3 more intense in the
experiments used to measure the decay of longitudinal order,|;C; experiment, as expected. However, large differences
1,CzD7 (23), as shown in Figure 3ac. Again, as a result of  are observed for certain methyl correlations resulting from
slow motions, resonances are weak or missing due toexchange contributions to thé&C methyl relaxation. Specif-
broadening of the peaks by increased relaxation rates ofically, Leu84),, Ala993, Val103y,, Leull®),, Leul2D,, and
methyl 'H and/or!3C spins, combined with compromised Alal463 are affected by millisecond to microsecond time
magnetization transfer efficiencies. Strongly reduced intensi- scale motions. It is noteworthy that, with the exception of
ties were observed for several methyl groups in a comparisonAlal46, all of these residues are in proximity to the cavity.
of 2D 3C-'H correlation maps used to measure the decay Exchange contributions to methifi spins can be inves-

of 1,C;Dz and kC; terms. In principle, in the absence of tigated by comparing intensities observedi@-'H correla-
relaxation, spectra used to record the relaxation,G¢D; tion spectra recorded using CPMG-HSQC and free-preces-
should be reduced in intensity by a factor of 4/9 relative to sion INEPT-based HSQC sequences. The enhancement
the corresponding spectra measuring the decay@fdince factors obtained for the side chain methyl groups in L99A
the former experiment involves further transfers to and from are presented in Figure 3e. Most peaks are slightly less
°H. However, because thed;D; experiment has an ad- intense in the CPMG-HSQC spectrum (5¥6%, negative
ditional delay ofr = 29 ms, the sensitivity of the experiment  values ofijcpus are not shown), but significal,(*H) terms

will be reduced further by the factor expR;t), where the are clearly detected for lle3, Metl0Z, MetlO&, and

13C relaxation rateR, is dominated by dipoledipole Alal463. Interestingly, there is not a 1:1 correlation between
relaxation and chemical exchange terms. Contributions from residues with significant values Bfx(*H) andRe**C). This
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is not surprising since a contribution from exchange is  Care must be used in the interpretation of these exchange
observed only in the case that there are significant chemicalcontributions that report on dynamics at specific sites since
shift differences between exchanging sites. These resultsthe modulation of the shift of a spin (which gives rise to
underscore the importance of using as large a number ofexchange) may be either a reflection of its own motion or,
different probes as possible to study dynamics. alternatively, the result of motion of some nearby atoms. For
Methyl side chairfH relaxation rates were used to derive example, methyl groups of Met102, Met106, and Alal46 are
order parameteryis, describing the amplitude of psis within 5 A of Trp138 of helix |, and théH line widths of
time scale motions of the bond vector connecting the methyl these methyls show significant contributions from exchange
carbon with its adjacent carbo23, 49. The changes\ Saxis, (Figure 3e). Qualitative insight into the origin of the excess
between WT and L99A FuxilWT) — FaxiL99A)] are line widths can be obtained by comparing how thkand
illustrated in Figure 3f. Residues were considered to have *C line widths are affected. In the case of motion of a nearby
significant changes in order parameter only if M%.yis > aromatic such as Trp138, the range of shifts (in Hz) sampled
20, wherego is the error inAS s, and (2)|ASaxid = 0.1. by the neighboring methyfH spin is expected to be
The only significant changes in dynamics were all associatedapproximately a factor of 4 times larger than for the methyl
with increased flexibility in L99A, and were observed for C, and exchange contributions would thus be predicted to
Thr26y2, lle271, Leu33®2, and Thr342 in the N-domain be larger for the'H spin. A comparison of Figure 3d and
and 1le1001, Vall1ly2, and Alal28 in the C-domain. This  Figure 3e shows that this is indeed what is observed for
is shown in Figure 1c, where methyl groups with increased Met102 and Met106. In contrast, the vast majority of residues
dynamics in L99A are colored in blue. It is important to with backbonéH or >N spins within 5 A of aromatic groups
note that in addition to the cavity mutation, L99A also differs do not show any increased line width, and conversely those
from WT in that both cysteines in the protein have been residues with backbone line width contributions from
replaced (C54T and C97A; see Materials and Methods). exchange are most often not proximal to aromatic side chains.
Thus, differences in side chain dynamics can originate from In fact, Gly113 is the only nonaromatic residue within 5 A
any one of the three mutations in L99A relative to WT, of an aromatic side chain (Phe114) for which contributions
although in this regard it is noteworthy that changes in to the'H line width fromRe, are observed, while nonaromatic
backbone dynamics were not observed between WT and theresidues that are proximal to aromatic side chain$ A)
double mutant C54T/C97A. Interestingly, none of the methyl with contributions tdRe(**N) include Arg8, Val111, Gly113,
groups that have increased flexibility are witté A of the and 1le150. It is likely, therefore, that many of the residues
sites of mutation, suggesting that the observed changes infor which Rex contributions are observed are in fact mobile
ps—ns dynamics are the result of subtle changes in structureon aus—ms time scale.
that are transmitted over long distances. This situation is to  Further insight into those residues that are most likely to
be contrasted with increased motions on tlee-ms time be mobile on this time scale can be obtained from a
scale that were measured for L99A vs WT. These slow consideration of crystallographid) and hydrogen exchange
motions are localized almost completely to residues in data 60), in addition to the above results. Specifically, helix
proximity of the cavity (see above) and very likely are the F is likely to be dynamic when one considers that (1) it is
result of an interconversion between a highly populated intrinsically less stable than a typical helix because it is short
closed conformer and a much less abundant open state (seand contains two glycines, (2) its backbone amides exchange
below). Unfortunately, correlations involving almost all of rapidly with solvent §0), (3) it displays greater than average
the methyl groups in the cavity region of L99A either were backbone and side chain disorder in the cryst8| 42, and
too weak to be observed (see above) or were not resolved(4) a comparison of X-ray structures establishes that it moves
in B°C-'H correlation spectra. The exception is Ile78, for in response to different ligands and becomes less ordered
which both methyl pairs have the same level of dynamics in when binding oversized cavity ligand4Q). Given that the
WT and L99A. It is therefore not possible to make conclusive substrate binding site is buried in the static structure of L99A
statements about the extent of fast motions of methyls that(closed form), helix F may play an important role in creating
are in direct contact with the cavity. a ligand-accessible pathway to the cavity, allowing for rapid
In combination,'®N and side chairfH relaxation data  access of these small molecules to the protein interior. While
indicate that fast dynamics are affected at relatively few additional non-NMR data supporting significant amplitude
positions in L99A vs WT and that these sites are remote motions of other helices for whiclRe is observed are
from the cavity. In contrast, millisecond to microsecond time lacking, it may be that concerted motions of helices A, E,
scale dynamics affect the relaxation properties for nuclei in G, and | also occur in order to generate an open conforma-
the A-, E-, F-, G-, and I-helices in L99A, encompassing tion, accessible to ligand.
residues lle3-Glull, Ala99-Leul21, and Lys135Thr142, Rates of Protein Exchange Reported hy('RN). In the
but not in WT. Figure 1c highlights the regions of L99A case of L99A, the large contributions to thll R, relaxation
affected by conformational exchange. Residues with back- rates of the residues reported above can be interpreted in
bone!®N spins withRe are illustrated in green, while side the context of a model in which these residues exchange
chain methyls are indicated in green or orange, dependingbetween two sites resulting from protein isomerization. Such
on whether exchange contributions were detected at methylsites could well correspond to open and closed conformations
13C or 'H positions, respectively. Clearly, the sculpting of a of the protein which either allow or disallow ligand entry,
pocket inside the hydrophobic C-terminal domain of T4L for example. Under the assumption of a two-state process,
has led to a loss of rigidity for many of the residues the rate of site exchange can be obtained from!theR,
surrounding the cavity, manifest in the exchange betweenrelaxation rate dispersion in a CPMG experime2i, (31,
conformations on the millisecond to microsecond time scale. 32). Figure 4a shows®N line widths of residues in L99A
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Binding of Xenon in the Gaty. Chemical shift mapping
was used to identify sites of interaction of xenon with L99A
and to localize structural changes associated with ligand
binding. The binding of Xe to the cavity results in small
differences in chemical shift for the backbone nuclei with
none larger than 0.2 ppm (rmsd shift changes of 0.03 ppm)
or 0.8 ppm (rmsd of 0.2 ppm) fdH and**N, respectively,
with the changes localized around the cavity. Larger changes
(>1 ppm for3C) were observed for the side chain methyl
resonances of Valgi, Ala99, Vallllyl, Leull®?2, and
Leul21H1. These results indicate that xenon binds exclu-
sively inside the cavity which is formed by the truncation
of Leu99 and is accommodated by highly localized adjust-
ments of a few side chains, with no significant effect on the
structure of the protein backbone.

As discussed above, the binding of xenon quenches a large
fraction of the exchange contributions observed in spectra
of L99A (see Figures 2ac and 3a-c). The decrease iRex
upon binding can be readily interpreted in terms of a shift
in populations of the “open” and “closed” forms of the
protein toward the closed state. This is consistent with the
presence of saturating xenon resulting in increased packing

most residues along the backbone due to increased CSA relaxationpf hydrophobic core residues and stabilization of the protein

which is slightly larger than 0.3 Hz, expected on the basis of
calculations for this protein. Larger deviations are seen for residues
undergoing conformational exchange. In the limit of very fast
exchange, the excess line width increases quadratically Byith
Residues witlRe(600 MHz) > 10 st arising from the creation of

the cavity (see Figure 2f,g) and wheRg, increases aB,* with o

> 1.5 (66), corresponding tdR.(600 MHZz)R.(500 MHz) > 1.3,
include Leu7, Arg8, Asnl101, Phel04, Met106, Glul08, Gly110,
Gly113, and Thr142. Panels b and ¢ shBN R, relaxation rate
dispersion curves (500 MHz) as a function of rf field strength for

relative to free L99A 40). It is noteworthy that even in the
absence of ligand L99A is predominantly closed. This
follows from X-ray data showing that the structures of WT
(closed conformation), L99A, and L99AXe are all super-
imposable [comparison of any two structures shows an rmsd
of <0.2 A for heavy atom backbone positions in the
C-terminal domain of the proteir2¢, 41, 42, 5]], from
NMR data where very few changes in backbone chemical

residues Arg8 and Met106, respectively. Seven experimental pointsShifts are noted between xenon-bound and free states (see

were obtained in the range 460200 Hz. The point at zero field
corresponds to the free-precession limit (a). In the fitting procedure,
a large uncertainty was assigned to this point, as it may contain
contributions from static field inhomogeneity or incomplete de-

coupling @4).

measured in the free-precession limit in refocused, F
decoupled®™N-H HSQC spectra recorded at 500 and 600

Figure 2b,c) and from fits of the relaxation dispersion curves
that indicate that minimurtPN shift differences between the
open and closed states are on the order of 1 ppm (as described
above). Such large differences in shifts between the two
protein states would result in significant changes in chemical
shifts between the ligand-bound, closed conformer and the
ligand-free form if the free form of the protein were not

MHz. The excess line width due to chemical exchange heavily skewed toward the closed conformation as well

increases by more than 30% for a number of residues (se
legend to Figure 4), which establishes that they are in
“moderately fast exchangekex > dw, wheredw is the
chemical shift difference between the exchanging sites. Note
that in the limit of very fast exchangBe is proportional to

B.%, whereB; is the spectrometer field strength (see Materials

and Methods). The relaxation rate dispersion curves for these

residues can therefore be fit with a two-site fast exchange
model. RepresentatiVeN R, relaxation profiles as a function
of B, field for Arg8 and Met106 are shown in Figure 4b,c
from whichke values of 1490 ' (Arg8) and 1820 st (Met
106) are obtained. All residues with large contributions to
exchange resulting from formation of the cavity that are in
the fast exchange limit havey values between 1270 and
1820 s It is also possible to obtain values for the factor
papedw? for each site with exchange (see Materials and
Methods) from fits of the relaxation dispersion data. A
minimum value on the order of 1 ppm is obtained for the

>90% closed).

The relaxation experiments recorded on L99%e de-
scribed above were completed within several days, and the
Xenon pressure was constant at 60 psi over this short time.
Subsequently, the xenon pressure decreased gradually, and
13C-H correlation peaks which are sensitive to binding of
xenon titrated to new positions as a function of the decreasing
pressure. Movement of cross-peaks in this manner as a
function of ligand indicates fast exchange of the ligand
protein complex. A qualitative estimate of the rate of
interconversion between bound and free states can therefore
be obtained from the largest chemical shift difference
between the two states (300 Hz for Leudd)&orresponding
to kex = 1800 s'. This value is somewhat larger than the
off rates measured for indole and benzene, approximately
300 and 800 g, respectively 14), likely the result of the
smaller size of xenon relative to the two aromatic compounds
and its corresponding lower affinity.

The ligand exchange process described above is linked

shift difference between open and closed states; assuming avith protein isomerization between open and closed protein

closed state population af90% (see below), the average
shift difference is>1.7 ppm.

states. This linked process can be described by a set of
coupled reactions:
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k.
P—Xe =1 P, + Xe (1a)
k
Pos—=Pc (1b)

where P-Xe, P,, and R are the xenon-bound, open, and
closed states of L99A, respectively. Since][® [Po], the
dissociation can be simplified further as

k.
P—Xe==P; + Xe (1c)
-3

The interconversion betweery And R (eq 1b) occurs with

a rate kex = ko + k_» = 1500+ 200 s'?, established from
the B; field dependence of the exceshl line width (Figures
4b,c), while a qualitative estimate & + k_3[Xe] ~ 1800

s 1 (xenon pressure of 60 psi) is based on the chemical shift
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