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ABSTRACT. Adenylate kinase fronkscherichia col{AKeco), consisting of a single 23.6 kDa polypeptide
chain folded into domains CORE, AMPbd, and LID, catalyzes the reaction AMHFP — 2ADP. Domains

LID and AMPbd execute large-scale movements during catalysis. Backbone dynamics of ligand-free and
APsA-inhibitor-bound AKeco were studied comparatively withN NMR relaxation methods. Overall
diffusion with correlation times of 15.05 (11.42) ns and anisotrBgyfaiie/Dperp = 1.25 (1.10), and fast
internal motions with correlation times up to 100 ps (50 ps), were determined for AKeco (AKegA¥AP

Fast internal motions affect 93% of the AKeco sites, with pronounced preference for domains AMPbd
and LID, and 47% of the AKeco*AfA sites, with limited variability along the chain. The mean squared
generalized order parametel®L] of secondary structure elements and loops are affected by ligand binding
differentially and in a domain-specific manner. Nanosecond motions predominate within AMPbd. Prominent
exchange contributions, associated in particular with residue G10 of the nucleotide-binding P-loop motif,
are interpreted to reflect hydrogen-bond dynamics at the inhibitor-binding site. The hypothesis of energetic
counter balancing of substrate binding based on crystallographic data is strongly supported by the solution
NMR results. Correlations between backbone dynamics and domain displacement are established.

The existence of a close relationship between protein domain enzyme that controls the cellular energy balance by
function and dynamic structure is nowadays widely acknowl- catalyzing the transfer of a phosphoryl group from ATP to
edged 1). Allosteric effects associated with multiple-domain  AMP (7). Close to 20 crystal structures of various adenylate
proteins are good examples of this correlation. Understanding(and other nucleoside monophosphate) kinases have been
the role of domains in molecular recognition is of great solved thus farg). AKeco is made of a single polypeptide
interest @, 3), and the issue of domain flexibility in solution  chain folded into domains CORE, AMPhbd, and LI® {0).
is a general one for large multiple-domain proteifis The A ribbon diagram of the crystal structure of the so-called
structural, dynamic, and binding properties of the individual “open” ligand-free form {0) is shown in Figure 1a. CORE
domains are often fairly well understood. On the other hand, is the largest domain. It includes residues M1-129, T60-V121,
the structural organization, interdomain interactions, and and Q160-G214 that form a five-stranded parafiedheet
domain mobility associated with the integrated system are comprising strandg;—/, and 39 surrounded by helices;
complex and difficult to elucidate. However, these aspects and os,—0s. Domain AMPbd includes helices, and os
are likely to be significant, particularly when ligand binding formed by residues S36v59. The LID domain includes
involves large domain displacements. The study of natural residues G122D159, which form a four-stranded antipar-
molecular assemblies in solution is often hindered by their allel 8-sheet (strand8s—fs). Domains AMPbd and LID are
prohibitive size, and only smaller mimics are amenable to displaced significantly upon substrate bindirgy 11). The
investigation ). active site is configured thereby, and a “closed” structure is

Adenylate kinase fronfescherichia coli(AKeco)! incor- obtained (Figure 1b). It is assumed that following the reaction
poratesnaturally the features of an archetypal multiple- the structure “opens up” again through reverse movements
domain system. The structural flexibility of AKeco facilitates of AMPbd and LID, to recover the original ligand-free
the assembly of an enzymatic reaction center by large-scaleenzyme 10). This mechanism has been inferred based on
motions of entire domaind(6). AK is a ubiquitous multiple-  the crystal structures of ligand-free AK enzymes and various
molecular complexes with nucleoside monophosphates,
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derivatives labeled with fluorescent probes in both the ligand-
free and ABA-bound forms {6, 17). These studies suggested
significant reduction in enzyme flexibility upon inhibitor
binding (L6). Traditional homonucleadg) and heteronuclear
(19—23) solution NMR methods were used in the past to
study AK from E. coli and other sources. These studies
provided only limited structural and dynamic information.
NMR relaxation methods can generate information on
molecular motionsn solutionin a comprehensive way, on
a variety of time scales, and at the atomic lev&)( To
correlate the dynamic properties of AKeco with ligand
binding and domain displacement it is necessary to apply
these methods to both the ligand-free and ligand-bound forms
and conduct a thorough comparative investigation. Here, we
report on backbone dynamics of AKeco studied witN
relaxation, and present a comparison between the ensuing
dynamic states of the ligand-free and AFbound enzyme
forms. Differences in the respective hydrodynamic and
microdynamic properties are pinpointed. Binding-induced
changes in®N relaxation parameters are elucidated at the
level of individual domains, as well as secondary structure
elements within each domain. Correlations between backbone
dynamics and catalysis-related domain displacement are
established.

THEORETICAL BACKGROUND

Relaxation of an amid&N nucleus spin at high field is
dominated by the dipolar interaction with the directly
attached proton spin and by tH& chemical shift anisotropy
(CSA), Ao. Spin—lattice (R;) and spin-spin (Ry) relaxation
rates, and®N-{'H} steady-state NOE are given b5}

R, = (d74)[J(wy — wy) + 3)(wy) + 6)(wy, + wy)] +
Awy) (1)

Ficure 1: Ribbon diagrams of the crystal structure of adenylate
kinase fromE. coliin the ligand-free form (a) and in complex with 5
the two-substrate-mimicking inhibitor AR (b). The figures were R, = (d78)[4J(0) + J(wy — wy) + 3)(wy) + 6)(wy) +
drawn with the program Molscrip7(), using the PDB coordinate 2

files 4ake (molecule Il) for AKeco, and lake (complex Il) for 6J(wy + wy)] + (c76)[43(0) + 3(wy)] + R, (2)
AKeco*APsA.

_ 2 _ _
AKeco is the only adenylate kinase for which crystal NOE= 1+ (d74R)(y/yn)6dwp + wn) = ey

structures corresponding to the extreme stages of the catalytic wy)] (3)

cycle are available( 10, 12), with the closed form of AKeco ]

represented by its complex with the two-substrate-mimicking Whered = (uchynyw/87%)Enn ) ¢ = wnAalV3, uo is the

inhibitor APsA (9, 12—14). The ATP phosphates are bound Permeability of free spacd is Planck’s constanty, and

to the enzyme partly through the so-called P-loop GXXGXGK ¥~ are the magnetogyric ratios &fl and**N, respectively;

(AKeco residues 713). This binding motif between proteins i = 1.02 A is the mean nitrogerhydrogen bond length;

and nucleotides occurs in many proteins that bind nucleosideJ(?) denotes the spectral density functian; and wy are

triphosphate, in all the nucleoside monophosphate kinasesthe Larmor frequencies ofH and *N, respectively. The

and in the weakly homologous G-proteir®.(When bound phenomenologicdkex termin eq 2 represents conformatlonal

to AKeco, the two-substrate mimicking inhibitor A® exchange and pseudo-first-order processes occurring on the

adopts a conformation close to the suggested transition staténicrosecond to millisecond time scal2gf.

(15). Thus, we have at hand a prototype for a multiple- The amplltu_des and time scajes of the intramolecular

domain biological machine, where mobility and function Motions experienced by the protein backbone are commonly

must necessarily be interrelated. determined from the relaxation data by using the model-
The crystallographic studies provided a clear picture of fre€ approach suggested by Lipari and Szabo £8) and

domain reorganization. Domain CORE appears to form the €xténded by Clore et al2g, 30). In this analysis, the spectral

stable frame of the protein, relative to which the smaller density functionJ(w), is modeled as

domains are displaced during catalysi€)( This model is, 2

however, based on static structures, disregarding altogethed(w) = 5{[§rm/(1 + (wrm)z)] +[a - Sz)r;/(l +

dynamic aspects. Domain closure in solution was confirmed 2 ) , 2

recently by time-resolved energy transfer studies of AKeco (@) + [(§* — ST + ()]} (4)
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wheret; = ttnl(tr + Tw); 77 = TTl (Ts + Tm), Tm iS the 6.8) containing 1«M sodium azide, followed by concentra-
correlation time for overall isotropic rotational reorientation, tion on a Centricon-10 concentrator (Amicon). Concentration
75 IS the effective correlation time for internal motions on a of the AKeco solution was determined by using the absorp-
fast time scale (typicallys < 100 ps),ts is the effective tion coefficient Ay77nm = 0.5 (mg/mL)* cm™t (36). An
correlation time for internal motions on a slow time scale appropriate amount of the AR (Boehringer, Germany)
(tr < 15 < Tm), & = 282 is the square of the generalized inhibitor stock solution (pH 6.8) and 50%,D, prepared in
order parameter characterizing the amplitude of the internalthe same buffer, were added to the concentrated AKeco
motions (0< & < 1), andS? andS? are the squares of the  solution to obtain fully saturated enzyme. The ligand-free
order parameters for the internal motions on the fast and sample contained 1.75 mKN-labeled enzyme and 40 mM
slow time scales, respectively. Motions characterized by the sodium phosphate buffer in 95%8/5% D,O. The ligand-
generalized order paramet&® will be referred to as  bound sample contained 2 m¥N-labeled enzyme, 2.5 mM
dynamics on the picosecond to nanosecond time scale. APsA, and 40 mM sodium phosphate buffer in 95%0A
Motions associated wit? will be referred to as subnano- 5% D,O. The protein samples were degassed and transferred
second motions and those associated @ilas nanosecond to 5 mm NMR Shigemi cells.
motions. Size-exclusion chromatography experiments were carried
Recently, it was shown thatN NMR relaxation data can  out on the ligand-free enzyme in the context of investigating
be used to determine diffusion tensors of symmetry lower possible molecular association. Chromatographic runs on a
than spherical, e.g., by direct fitting &%/R; ratios of rigid preparative Sephacryl S-100 HR column in 40 mM sodium
spins @1, 32). An alternative method, applicable to proteins phosphate buffer (pH 6.8) at 2& revealed a single elution
with relatively small diffusion anisotropy, is the local peak appearing at the expected monomer position. The

diffusion constant approach of Bschweiler et al.33). Using position of this peak was found to be independent of the
egs 1, 2, and 4 under the conditio$= 1 andz — 0, and loaded protein concentration in the 8.2.4 mM range. On

(R/Ry);i ratios of rigid spins, the diffusion tensor can be the basis of deliberate dimer generation using the single-
determined by solving the equatio®4j: cysteine mutant C203-AKeco, the threshold for dimer

T 1 detection was set at approximately 2%.
Di=¢& ADA g ®) NMR SpectroscopyNMR experiments were carried out
whereeg is the unit vector defining the orientation of tha at 303 K on a Bruker DMX-600 Avance spectrometer
N—H bond vector in a fixed molecular (i.e., inertia) reference Operating at 600.13 MH# frequency and at 60.811 MHz
frame of a known structure, andl is the transformation N frequency, usig a 5 mm*H-"*C-"*N triple resonance

matrix relating the inertia and diffusion frameB. is a inverse detection probe. NMR data were analyzed using the
diagonal matrix with principal valueDfyy + Dz2/2, (Dxx software packages nmrPipe and modelX37)(on Silicon

+ Dz3/2, and Dxx+ Dyy)/2. For axial symmetry, found to ~ Graphics workstations.

be applicable in this studfdxx= Dyy = Dyerp DzZ= Dypaaes Relaxation rated}; and R,, and *N-{*H} NOEs were

andA is given by two Euler angles) and¢. An apparent measured using established inversion recovasy, (spin—
correlation time for overall rotational reorientation, €cho @9), and N-{'H} steady-state NOE4() pulse
Tm(app)= 1/(6 x Disg), can be defined, witld;s, = (1/3) x sequences4(—43). For NOE experiments, we used the
(Dxx + Dyy + Dz2). The parameterDis,, DparatiefDperp 60 sequence shown in Figure 1B of Grzesiek and B&3),(
and¢ are subsequently incorporated into the calculation of Which features KD flip-back pulses to minimize saturation
the microdynamic parameters by replacing the first term in Of water. The'>™N CSA—**N-'H dipolar cross-correlation
eq 4 with expressions appropriate for axial diffusion. For t€rm, 7y, was measured using the sequence of Tjandra et
wt > 1, D is linear in Y,o(6;), where Yy is the reduced  al. (44), with a dephasing period®= 14 ms (16 ms) for
second rank spherical harmonic function. This relationship AKeco (AKeco*AR;A). Spectral widths were 1824.5 Hz in
can be used to estimate the distribution of the H\bond the F; dimension and 9615.4 Hz in tif&, dimension. The
vectors B4). N carrier was set at 118.5 ppm and was referenced
indirectly to liquid NH; (45). 360 x 1024 complex points
EXPERIMENTAL PROCEDURES were acquired in thg x t, dimensions for each time point.
Sample PreparationFor preparation of uniformly>N- TheR; andR; measurements were performed using a total
labeled AKeco,E. coli HB101 cells, transformed with  of 40 and 48 transients pé&rexperiment, respectively. For
pPEAKOL1 plasmid, were grown at 3T in Celtone-N medium  the R, measurements of AKeco, nine time points were
(Martek Biosciences Corp.) containing98% *N. The collected, using parametric delays of 15, 127, 247, 367, 487,
recombinant plasmid pEAK91 contained the intact gene 647, 807, 1031, and 1287 ms. The experiment was repeated
coding for E. coli adenylate kinase3f). The previously twice for time points 15, 487, and 1287 ms. For tRe
described procedure for purification of AKecd7j was measurements of AKeco*AR, eight time points were
improved by application of Blue-Sepharose affinity chro- collected, using parametric delays of 133.5, 245.5, 357.5,
matography35), followed by size-exclusion chromatography 485.5, 645.5, 805.5, 997.5, and 1285.5 ms. The experiment
on a Sephacryl S-100 column (Pharmacia). The use of thewas repeated twice for each time point. The delay between
additional chromatographic step enhanced the yield of the scans was set to 1.5 s in all tRgmeasurements. For ti
purified enzyme up to 110 mg/L of cell culture. measurements of both ligand-free andsAfbound AKeco,
NMR samples of AKeco in the ligand-free form and in nine time points were collected using parametric delays of
complex with the inhibitor ABPA were prepared. A stock 8, 16, 24, 32, 48, 64, 80, 96, and 128 ms. The experiments
solution of AKeco was prepared by thorough dialysis of the for time points 8, 24, 64, and 128 ms were repeated twice.
protein solution against 40 mM sodium-phosphate buffer (pH The delay between scans was 1.6 s. The data were apodized
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with a cosine (cosine-bell) window function ity (tp). cal properties of the model-free parameters were evaluated
Duplicates were used to calculate average values of, andfrom Monte Carlo simulations using 500 randomly distrib-
uncertainties in, the measured peak heights. Phenomenologiuted synthetic data sets.
cal Ry and R, values and uncertainties were determined by
nonlinear least-squares fitting of the experimental data to RESULTS
monoexponential equations, as described indgf SuperimposedH-1’N-HSQC spectra5q3) of 1°N-AKeco
The NOE values were determined using pairs of spectraand'>N-AKeco*APsA, obtained as the first time points of
recorded in interleaved mode with and without proton R, experiments, are shown in Figure 2. For 24 kDa protein
presaturation during the recycle delay. A total of 96 transients systems, these are well-resolved spectra. HN &l
pert; experiment were recorded. The delays between scansassignments for AKeco at 308 K were reported by Burlacu-
were 3.8 and 6.6 s for AKeco and 3.8, 6.6, and 12.1 s for Miron et al. 2). We performed temperature-related adjust-
AKeco*APsA. Data were processed as described above. Thements in these assignments by carrying out the experiments
NOE values were recorded in duplicate, and the replicatesdescribed in reference§4—-57). HN and'*N assignments
were used to determine uncertainties and mean values.  for AKeco*APsA were determined previously in our labora-
Data AnalysisThe diffusion tensor for overall rotational  tory (58). The HN+N correlation maps of AKeco and
reorientation was determined using the local diffusion AKeco*APsA shown in Figure 2 differ considerably. Thus,
approach &3, 34), implemented in the Diffusion package only about 10% of the peaks preserve their position within
developed by Palmer and co-worke8dl). Properly reduced  one line width in each dimension, pointing out significant
R./R, data sets were used as input to these calculations.changes in local structure induced by ligand binding. A total
Orientations of the unit vectosswere calculated for AKeco  of 203 HN+5N backbone correlations was expected. For the
using the atomic coordinates of complex Il given in the PDB ligand-free form, 16 residues (Al1l, K13, G14, 121, M53,
entry 4ake 10) and for AKeco*ARA using the atomic D76, R131, F137, N138, K145, R157, R167, Y171, M174,
coordinates of complex Il given in the PDB entry 1a (  A188, and K211) generated peaks that overlapped with other
Hydrogen atoms were added using the program X-PLOR correlations or could not be detected. Complete data sets of
3.1 @7). Equation 5 was solved by least squares optimization R;, R,, and*>N-{*H} NOE could not be obtained for T31,
for anisotropic, axially symmetric, and isotropic diffusion V169, 1179, and K184. The following seven peaks were
models. Model selection was based on F-statistic testing. present as overlapped pairs in the NMR spectrum: A8 and
The experimentaPN R; andR; rate constants and steady- H126, E161 and Y133, Y181 and N102, V142 and H172,
state!®N-{H} NOEs were fitted to eqs-14. Ao = —160 A37 and 120, D94 and A203, and E210 and Q173. For the
ppm @8) was used throughout these calculations assuming APsA-bound form of AKeco, the weak peaks of residues
that site-specific variability of CSA4@) and noncollinearity ~ G14, 120, K47, and K157 could not be quantified. Complete
of the principal axes of the CSA anti-'*N dipolar tensors  data sets oR;, R, and'>N-{*H} NOE could not be obtained
(50) can be disregarded. The latter assumption is justified for G32, D84, 1120, and D159. The following peaks were
by the relatively small anisotrop®paraie/ Dperp Obtained for present as overlapped pairs in the NMR spectrum: Y133
both AKeco forms. As indicated by a recent study of Kroenke and V196, A37 and E187, Q28 and 1101, M34 and S183,
at al. 61), large CSA variations along the protein backbone T15 and V169, E62 and V125, A38 and K192, E44 and E75,
are likely to be negligible at 14.1 T. Since the present analysis V39 and A49, and V132 and E170. Overlapped peaks were
is both qualitative and comparative in nature, the absolute not considered in the overall diffusion calculations but
value of Ao should not affect our major conclusions. included in the Modelfree calculations with the provision
Five simplified dynamic models were derived from eq 4 that the respective microdynamic parameters should be
extended to axial overall diffusion and used to fit the interpreted qualitatively. In summary, 169 AKeco data points
experimental data as described by Mandel et%f).(Each were available for diffusion tensor calculations, and 187 for
model contained the overall diffusion tensor and three Modelfree calculations. The corresponding figures for
parameters describing internal motions, one of which was a AKeco*APsA were 175 and 199, respectively.
correlation time-either 7; or 7. For convenience, the Experimental’®>N R;, R, and *>N-{*H} NOE data are
effective correlation time for internal motions is referred to shown as a function of residue number in Figures 3, panels
ast.. The dynamic models featured the following subsets a—c, for AKeco and AKeco*ARBA. These profiles reflect
of the extended model free parameters: $)(2) & and considerable differences in the dynamic properties of the
Te = 71, (3) F andRey, (4) S, 7o = 71 andRey, and (5)F%, &, ligand-free and ABRA-bound enzyme forms. The 10%
andt. = 7. Model 1 is obtained by assuming that = 1 trimmed mean values d&, R, and NOE are 0.8& 0.02
andzs — 0 and is applicable if motions on the slow time s%, 19.614 0.46 s, and 0.73+ 0.02 for AKeco and 1.12
scale are negligible, and motions on the fast time scale arex= 0.02 s?!, 15.43 & 0.26 s?!, and 0.80+ 0.02 for
very fast (<20 ps). Model 2 is obtained by assuming that AKeco*APsA. Figure 3d features:,/R; ratios with 10%
S? = 1 and is applicable if motions on the slow internal trimmed mean values of 22:6 0.84 for AKeco and 13.82
time scale are negligible. Models 3 and 4 are derived from £ 0.37 for AKeco*ARA. In the presence of relatively
models 1 and 2, respectively, by inclusion of nonz&goin uniform R, profiles (Figure 3a)!*N-{'H} NOE data reflect
the relaxation model. For models-4, & = S2 Model 5 is primarily high-frequency local motions. As shown in Figure
obtained by assuming that— 0. Version 4.0 of the program  3c, for AKeco these motions are significantly more effective
Modelfree @6, 52) was used to determine the model-free within AMPbd and LID as compared to CORE, and become
parameters, based on the three experimentally measuredjuite uniform throughout the protein backbone upon inhibitor
quantitiesR;, R;, and NOE. Model selection was based on binding. Although the NOE data of AKeco*AR are
simulations ofy? distributions andr-statistic testing. Statisti-  generally high [similar to those measured for oxidized
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Ficure 2. Superimposed 600 MHH-N HSQC spectra of®N-AKeco (red) and®N-AKeco*MgAPsA (blue) corresponding to the first

(8 ms) points of theR, measurements.

flavodoxin by Zhang et al.59)], less than 2% of the NOEs
exceeds the rigid-sphere limit at 14.1 B0], if the
experimental uncertainty is taken into consideration. Rite
R; profile and, to some extent, tH& and *N-{*H} NOE

ated as follows. Given thal and ¢ are nearly zero for
AKeco*APsA, the extremeR,/R; values at chain segment
Q160-G214 can be associated with extreme orientations of
N—H bond vectors in the AKeco*AdA crystal structure.

profiles exhibit an oscillatory pattern scanning extreme values As shown in Figure 1b helicas; andag, and the associated

at chain segment Q1605214.

Overall Diffusion. A diffusion tensor estimate3@) was
obtained for AKeco*ABA with an R)/R; input data set
including 162 spins, generated with the filtering strategy of
Tjandra et al. 81). The optimal NOE-filtering threshold,
below which spins were omitted from the calculation of the
diffusion tensor estimate, while the remaining-N bond
vectors were still distributed in space largely uniformly, was
found to be 0.7. The final diffusion tensor, obtained with
the Modelfree calculation using this estimate as an initial
guess, was given biso = (1.46+ 0.01) x 10” s, Dparanef
Dperp=1.10+ 0.02,6 = (—0.6 £+ 3.8)°, and¢p = (—40.8+
44.4¥. The values) and ¢ indicate that the principal axes
frames of the diffusion and inertia tensors practically
coincide.

Analogous calculations were carried out for the ligand-
free enzyme. The optimuiR,/R; data set used for diffusion

N—H bond vectors, are approximately parallel to the main
molecular symmetry axis, whereas haliy, the connecting
loops, and strangy provide ample opportunities for per-
pendicular orientations. Figure la indicates that these
secondary structure elements have similar orientations rela-
tive to the main molecular symmetry axis of the AKeco-
crystal structure. Therefore, the fact that the oscillatory
pattern at chain segment Q16G214 is also featured by
the R,/R; profile of AKeco (Figure 3d) suggests that the
orientations of the diffusion and inertia frames are also
similar for the ligand-free enzyme. Larger diffusion aniso-
tropy of AKeco as compared to AKeco*AR is consistent
with larger oscillation amplitude observed with the former
at chain segment Q1645214.

AKeco*APsA was found to reorient in solution with an
apparent correlation timen(app)= 11.42 ns. A Brownian
rotational correlation time of 10.11 ns was calculated for a

tensor estimation contained 109 spins and was obtained by24 kDa spherical particle surrounded by a single layer of

excluding spins with NOE values below 0.65. The final
dlffusmn tensor was given bPis, = (1.11 £ 0.01) x 10

s 1 and Dyaralie/Dperp = 1.25+ 0.02. The orientation of the
principal axes frame of the AKeco diffusion tensor could

water 61). Dparaie/ Dperp= 1.15 estimated based on the inertia
tensor 62) of the crystal structure (a calculation relying
intrinsically on the Debye model for rotational reorientation)
was found to be similar t®paraie/Dperp= 1.10 obtained with

not be determined with reasonable accuracy and was evaluNMR. The ligand free enzyme was found to reorient in
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FiGURE 3: Relaxation parameters for AKeco (open circles) and AKecg#Afilled circles): (a)Ry, s%, (b) Ry, s7%, (c) NOE, and (d)
Ro/Ry.

solution withzm(app)= 15.05 ns. For this AKeco form we  ments, described in the Experimental Procedures, were
calculatedDparaie/Dperp = 1.49 based on the inertia tensor strongly supportive of a monomeric AKeco NMR sample.
and obtaineparae/ Dperp = 1.25 with NMR. Althoughr,- Third, fluorescence depolarization experiments on tryptophan
(app) values on the order of 15 ns were determined in the residues of AKeco, carried out previously in the micromolar
past for 24 kDa proteins@), in view of t,(app) of AKeco protein concentration range, gavg(app) on the order of
being substantially higher thagp(app) of AKeco*ARA, and 15 ns (Haas, E. personal communication). A similar estimate
Dparaief Dperp cONsiderably smaller than predicted for a dif- for tm(app) at a concentration range 3 orders of magnitude
fusive Debye particle, it was felt to be necessary to ascertainlower than used in the NMR experiments suggests predomi-
absence of detrimental protein association in the AKeco nance of monomers in both AKeco samples. Finally, effects
sample. Also, we examined analysis-related factors that mightassociated witliRex contributions and ns motions, which may
corrupt the diffusion tensor estimates. potentially impair the accuracy of the diffusion tensor
Concentration-dependent relaxation measurements are, irestimates and thereby affect deduced microdynamic param-
principle, appropriate for testing protein self-association. eters, can be shown to be small for both AKeco forms. Thus,
However, we estimated the increaseri{app) from 11.42 m(app) will be overestimated R, data with substantidkex
to 15.05 ns to be too small to obtain conclusive results using contributions are not excluded from the calculation. However,
a quantitative approach64). We therefore ascertained in this case, the anisotropy of the diffusion tensor will be
predominance of monomers for AKeco as follows. First, the also overestimate®§), contrary to théDparaie/ Dperp Obtained
spectroscopic manifestations of protein association are notin this study. To evaluate the effect of ns motions on the
borne out by the present data. As shown by Fushman et al.diffusion tensor estimatég) of AKeco*APsA we used eqs
(64), an increase in dimer population implies a substantial 1 and 2 with(zs{= 1.05 ns[®= 0.877, and%?[}= 0.914,
increase iNR/Ry, leaving the NOE magnitude and pattern which are average values associated with model 5 spins. We
virtually unchanged. In our case, we encountered a moderatgound that ns motions contribute 7.8% to tRevalues of
increase iNR/R; and a significantly different NOE pattern 11% of the data and contribute marginally R, with an
for AKeco as compared to AKeco*AR (Figures 3, panels insignificant effect on the diffusion tensor estimate. The
¢ and d). Second, size-exclusion chromatography experi-contribution of ns motions to individual spins was found to
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and strangBs for AKeco (open circles) and AKeco*AfA (filled circles). The average uncertainties ar8.016 for AKeco andt0.012 for
AKeco*APsA. The data used are given in the Supporting Information.

be larger with AKeco, attaining 17% &% in extreme cases.  individual a—helices,j-strands, and loops of AKeco and
However, their overall effect on the diffusion tensor estimate AKeco*APsA and plotted as a function of residue number
was found to be small, as very similar results were obtained in Figure 4, panels b and c. Loops have lovii{values
with and without spins associated with ns motions. We than secondary structure elements in both AKeco forms. To
concluded that the detected differences in the overall elucidate the effect of ligand-binding on backbone dynamics
diffusion tensors stem from intrinsic dynamic properties of we focused owlifferencesn the [Fvalues of corresponding
the two AKeco forms. secondary structure elements. TE&pattern of domain
Microdynamic ParametersWith AKeco*APsA, the re- CORE is similar for both AKeco forms, whereas for domains
laxation parameters of 66, 59, 39, 5, and 30 residues wereAMPbd and LID it exhibits noteworthy differences. Loops
fit to models 1, 2, 3, 4, and 5, respectively, usimg= 0.1 olas, 0ulps, Pslfa fslBs, Pelf7, P7lBs, and pglaz exhibit
critical value fory? distribution, ando. = 0.2 critical value similar and relatively small changes i#0 The differences
for F-statistic testing. With AKeco 2, 109, 7, 48, and 21 in the [¥[values of loops PAs/as, az/as, ag/fs, andfe/ag
spins were fit to models 1, 2, 3, 4, and 5, respectively. The are significantly larger. It can be seen that fBé values of
same statistical criteria as outlined above for AKecosAP  loops within CORE change to a significantly larger extent
were applied to 80% of the AKeco spins. For 7% of the than the[®[values of loops within LID. Thé®values of

spins, we usedt = 0.05 critical value fory? distribution, secondary structure elements within CORE change to a
and for 13% of the spins, the criteria fBrstatistic testing smaller extent than the&®Ovalues of its loops, while the
were relaxed. opposite is observed for domain LID. The smallest difference

The globally optimized%2) microdynamic parameters of  between theF[values of loops and secondary structure
AKeco and AKeco*ARA obtained with these model clas- elements is featured by domain LID of AKeco.
sifications are compared below. The profiles of the squared The 7. profile of the ligand-free form is shown in Figure
generalized order parametef, of both AKeco forms are  5a. The corresponding plot for the ligand-bound form features
shown in Figure 4a. Mea® values were calculated for uniformly distributedz. values below 50 ps (Supporting
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Ficure 5: Microdynamic parameters for AKeco (open circles) and AKecofilled circles). (a) Effective correlation time for fast
internal motionz,, ps, for AKeco. (b) Exchange contributiofg,, s for AKeco (open circles) and AKeco* AR (filled circles). (c)
Effective correlation time for slow internal motian, ps for AKeco (open circles) and AKeco* AR (filled circles). The data used are
given in the Supporting Information.

Information). Values ofre exceeding 50 ps are associated of Rex terms, were shifted considerably to the right. This
primarily with AMPbd, LID, and helices; anday. The latter confirms the modelfree-based identificationRaf contribu-
are located at the N-terminus of domain AMPbd, and the tions for AKeco*ARA. Residues R71, D94, G122, E151,
C-terminus of domain LID, respectively. On averages and K184 of AKeco were associated wil, contributions
reduced upon ligand binding. of 45-9.5 s1. Peak K184 was not detected in thg,

Figure 5¢ shows the effective correlation time for slow experiment, correlations R71 and E151 did not digress, and
internal motionsgs, associated with model 5. It can be seen correlation G122 (D94) digressed substantially (moderately)
that domain AMPbd features the highest density of model 5 to the right of the cluster on thg,/R, map (Figure 6a). The
residues, withzJ= 850 ps (&= 0.95 and&?(= 0.91) other correlations marked in Figure 6a represent 8 of 22
for AKeco, andZ1= 1100 ps [(&2(0= 0.97 and[&*0= correlations withRex > 2.5 s'1. The results obtained with
0.93) for AKeco*ARA. AKeco support the modelfree-based identification R

The R terms are shown in Figure 5b. To evaluate termsinamuch less definitive way than those obtained with
exchange contributions independently of the Modelfree AKeco*APsA. It is in order to note that helices; and o
calculation, we measureliN-CSA—15N-'H dipolar cross- of both AKeco forms feature many contiguous residues with
correlation ratesy,y (44). As pointed out in the context of ~ substantiaRex contributions, possibly reflecting collective
the model-independent approach7), in the absence of  motion on the microsecond to millisecond time scale. This
exchange contributiong,,—R, correlations cluster about a  process appears to be suppressed upon inhibitor binding
straight line. Digressions to the right of the cluster on the (Figure 5b).
Nx/R. map are expected for residues with significdaj
terms 67, 65). The AKeco*ARA correlations G10, 129, DISCUSSION
G32, and D84 feature® > 4.5 s'. Peak G32 was not Most aspects of spin relaxation associated with
detected in they, experiment, and the remaining three AKeco*APsA complied with expectations from globular
correlations digressed substantially from the cluster, as shownproteins, in accordance with the previously reported rigidity
in Figure 6b. Ten of thirteen AKeco*AJA correlations of this molecular complex1@). On the other hand, AKeco
associated witlRex > 1.5 s, but none of the spins devoid featured several irregularities. For example, the ligand-free
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for both AKeco and AKeco*ABA. In general, theF[values

of AKeco increase uniformly upon inhibitor binding. Several
exceptions were identified. Thus, th&(values of loops
o4/f33 andag/7 increase to a notably smaller extent, and loop
as/f4 is the only element of secondary structure for which
[(FOdecreases upon AR binding (Figure 4c). Loopst/f33
andas/f34 are of particular interest. On the basisBfactor
analysis, Mler et al. (L0) found that these loops exhibit
higher (lower) flexibility than the catalytic site in the
AKeco*APsA (AKeco) crystal structure. These observations
underlie the hypothesis that upon substrate binding chain
mobility increases in a region remote from the active center.
As this region “solidifies” again upon substrate release, it
serves as a “counterweight”, balancing the substrate-binding
energy. The®[values of loopsu/3s, as/fBs, P, and strand
Bs, with the two latter elements pertaining to the binding
site, are shown in Figure 4d. Subtracting the AKeco data
from the corresponding AKeco*AR data one obtains 0.085,
0.095, 0.03, and-0.04 for loopso/fs, as/fa4, P, and strand
Ps, respectively. This is in qualitative agreement with the
B-factor-based hypothesis of Mer et al. (L0). TheB-factors

of the two ligand forms are compared in Figure 2 of 16f

Ny (1)

g‘ —— [ S P . -
13 15 17 19 21 23 25

(1fs)

N sy

Reiis) indicating that, except for loops B4/3s, andas/fa, differ-
FIGURE 6: Correlation maps of thEN CSA-15N-1H dipolar cross- ences are generally small for domain CORE.
correlation ratey,y, and the transverséN relaxation rateR,, for ; ; ;
(2) AKeco and (b) AKeco*ABA. The AKeco residues marked in Domain LID. Domain LID features large differences

Figure 6a include G122 and D94 wily, > 4.5 1, and residues ~ between théFvalues of thed-strands and small differences
with Rex > 2.5 s'&. The AKeco*ARA residues marked in Figure  between thé®[values of the intervening loops, while the
6b include G10, 129, and D84 witRex > 4.5 s, and residues  opposite trend is observed within CORE. This highlights the
with Rex > 1.5 5. The straight lines represent linear fits. intricate manner in which the polypeptide chain responds to
form did not bear out the expectation that the anisotropy of ligand binding. Differences between the crystallographic
the diffusion tensor can be deduced with reasonable accuracyB-factors of domain LID in the two AKeco forms (Figure 2
from the anisotropy of the inertia tensor of the crystal of ref 10) also display a complex alternating pattern. The
structure 62). This can be rationalized recalling that AKeco values of LID are comparable to those of AMPbd. With
is a multiple-domain construct made of an intertwined chain, AKeco, they are higher than the values of CORE (Figure
where individual domains execute in solution large-scale 5a) and become reduced to the level of the CORE values
restricted motions relative to one anothd6,(17). This upon ligand binding. Thus, NMR provides evidence for
situation differs from cases where the individual domains binding-induced reduction in the entropic contribution of
are attached by flexible linkers, but tumble in solution as subnanosecond fluctuations to the stability of LID and
diffusive Debye particless( 33). The AKeco molecule may  AMPbd in the ligand-free form. Loopg/a, located at the
not behave as a rigid-body Debye particle with independent C-terminus of domain LID, features dynamic properties
fast internal motions. In particular, it may assume in solution similar to those of domain LID. Helix; is associated with
an effective shape which is less anisotropic than the crystalze values comparable in magnitude to those within LID
structure. Restricted domain mobility actually materializes (Figure 5a). An abrupt decrease #, observed with'>N
dynamic coupling between overall and internal motions, as relaxation methods, is often associated with a hinge position
opposed to decoupled dynamic modes postulated by the(68). The & profile shown in Figure 4a features a local
modelfree approach. This may influence the nature of the minimum near residue D159, implied by the crystallographic
R./R; data set used for diffusion tensor calculations and the studies to represent hinge H&0j. The chain segment at
accuracy of the anglggand¢. Deviations from a diffusive  the C-terminus of domain LID, including hinge H6, is likely
Debye model are also likely to underlie the lower perfor- to be involved in the catalysis-related movements of this
mance of the model-independent method in identifyifag domain.
terms. Thus, internal motions may not be described properly Domain AMPbdThis domain is singled out by contiguous
by independent, small, equal amplitude restricted rotations residues associated with model 5, featuring subnanosecond
about three mutually orthogonal axdgl), The irregularities  fluctuations characterized b$? and nanosecond motions
featured by the ligand-free form of AKeco probably consti- characterized b§? andzs. All of these parameters increase
tute digressions from the model-free and model-independenton average (Figure 5c), whereasdecreases (Figure 5a)
approaches. However, a Modelfree-type analysis generatingupon inhibitor binding. Thus, inhibitor binding affects
physically tenable parameters is justified within the scope AMPbd dynamics in an intricate manner. It also induces
of a largely qualitative and comparative account. The unique structural changes, by causing unwinding of the
individual domains of AKeco in the ligand-free and inhibitor- N-terminus of helixas (9, 10). Helix a4, which includes part
bound forms are discussed below. of loop P, hasre values comparable with those of AMPbd
Domain CORE The 7, values lie below 50 ps within  (Figure 5a). This is quite intriguing, providing evidence for
domain CORE, and the respective profiles are quite uniform dynamic correlation between the nucleotide-binding motif
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denoted as P-loop and the catalysis-related movements o803K. R, and R, **N relaxation rates and steady-stats-

domain AMPbd. TheZ profile shown in Figure 4a features
a local minimum near residue V59, implied by the crystal-
lographic studies to be hinge HAQ).

Catalytic Site Residues G10, 129, G32, and D84, which
feature the largest exchange contributions in AKecoA\P
are spatially close to the intermolecular hydrogen bond
network between AFA and the enzyme in the crystal
structure 9). The observed?., terms can be interpreted

assuming that the binding-site-related hydrogen-bond net-

work prevails in solution in dynamic equilibrium, modulating
the magnetic environments of several spatially proxitfisl
nuclei. Similar observations were made by Nicholson et al.
(69) for inhibitor-bound HIV-1 protease. Residue G10 binds
directly to the inhibitor 9). It is the only member of the
binding-site-related hydrogen-bond network with a laRye

term, possibly related to the rate of hydrogen-bond reorga-
nization. Since this dynamic process is necessarily discon-
tinued upon product release, residue G10 of the nucleotide-

binding P-loop motif might play a role in kinase catalysis.
Note that exchange broadening due to AKecozARlis-
sociation was shown to be negligibl23j.

Among 21 N-'H backbone correlations that change
marginally upon inhibitor binding (Figure 2), 10 pertain to
the LID domain. Empirically, this points out structural

preservation throughout the large catalysis-related displace-
ment of this domain. On the other hand, as outlined above,

the dynamic properties of domain LID change significantly
upon inhibitor binding. It has been postulated®,(70) that
domain LID functions by regulating entropically both
termination of catalysis and product release. The relation

between these functions and the microscopic parameters

elucidated in this study is yet to be determined.
In summary, domains AMPhd and LID of AKeco experi-

ence pervasive subnanosecond fluctuations suppressed uporfw'

APsA-binding, and domain AMPbd is engaged in nanosec-
ond motions in both AKeco form. The chain segments
N-terminal to AMPbd and C-terminal to LID appear to be
involved in the catalysis-related domain movements. #ig

profiles of secondary structure elements and loops respond ,,

to ligand binding in an intricate way. The hypothesis of
“energetic counterbalancing of substrate binding” is sup-
ported by our NMR data.

Prospects of this research include the usage of perdeuter- 2
ated samples, concerted analysis of data acquired at several
magnetic fields, and the development of enhanced dynamic 23.

models.
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