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ABSTRACT: Adenylate kinase fronkscherichia coli{AKeco), consisting of a 23.6-kDa polypeptide chain
folded into domains CORE, AMPbd, and LID catalyzes the reaction AMIRTP < 2ADP. The domains
AMPbd and LID execute large-amplitude movements during catalysis. Backbone dynamics of ligand-
free and ABA-inhibitor-bound AKeco is studied with slowly relaxing local structure (SRES)relaxation,

an approach particularly suited when the glohal) (@nd the local €) motions are likely to be coupled.

For AKecotm = 15.1 ns, whereas for AKeco*AR tm = 11.6 ns. The CORE domain of AKeco features
an average squared order paramete®;>, of 0.84 and correlation timeg = 5—130 ps. Most of the
AKeco*APsA backbone features > = 0.90 andr; = 33—193 ps. These data are indicative of relative
rigidity. Domains AMPbd and LID of AKeco, and loopSi/au, ao/as, a4/fs, as/fa, and fgloz of
AKeco*APsA, feature a novel type of protein flexibility consisting of nanosecond peptide plane reorientation
about the € ,—C axis, with correlation timer; = 5.6—11.3 ns. The other microdynamic parameters
underlying this dynamic model includ® = 0.13—0.5,7, on the ps time scale, and a diffusion o
ranging from 12 to 22 For the ligand-free enzyme the mode was shown to represent segmental domain
motion, accompanied by conformational exchange contributiRss 4.4 s Loop ou/f33 and as/f34
dynamics in AKeco*ARA is related to the “energetic counter-balancing of substrate binding” effect
apparently driving kinase catalysis. The other flexible AKecozARbops may relate to domain motion
toward product release.

The ability to interpret nuclear spin relaxation properties structure (SRLS) approach developed by Freed and co-
in terms of microdynamic parameters turned NMR into a workers (8,9) to >N relaxation in proteins. SRLS accounts
powerful method for elucidating protein dynamidsZ). The rigorously for dynamical coupling between the local and
amide >N spin in proteins is a particularly useful probe, global motions, and treats the global diffusion, the local
relaxed predominantly by dipolar coupling to the amide diffusion, the local ordering, and the magnetic interactions
proton and™N chemical shift anisotropy (CSA)3). The as tensors that may be tilted relative to one another, providing
experimental NMR observables are controlled by the global thereby important information related to protein structure
and local dynamic processes experienced by proteitdN  (10—12). The MF spectral density functions constitute
bond vectors, which determine the spectral density function, asymptotic solutions of the SRLS spectral densitigs8(
J(). N relaxation data in proteins are commonly analyzed 13). It was found that currently available experimerital
with the model-free (MF) approach, where the global and relaxation data are sensitive to the coupling-induced mixed
local motions are assumed to be decouptedq). In a recent modes inherent in the SRLS model @@).

study (7), we applied the two-body slowly relaxing local AKeco is a particularly intriguing case in the context of

protein dynamics in general, and the structtfienction
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Ficure 1: Ribbon diagram of the crystal structures of (a) AKeco and (b) AKeco in complex with the two-substrate-mimic inhig#or AP
The figures were drawn with the program Molscrip8] using the PDB coordinate files 4ake (complex 1) for AKeco and lake (complex
II) for AKeco*APsA.

active site is configured thereby, and the “closed” structure, Herein we apply SRLS to AKeco*AdA, complementing the
illustrated in Figure 1b by the ribbon diagram of the complex relaxation data acquired at 14.1 T (26) wifhl Ty, T,, and
of AKeco with the two-substrate-mimic inhibitor AR (21), N-{1H} NOE data acquired at 18.79 T. The dynamic
is obtained. It is assumed that following the reaction the properties of the inhibitor-bound form were found to differ
structure “opens up” again through reverse movements of significantly from those of the ligand-free form. In general,
AMPbd and LID to recover the original ligand-free enzyme two different dynamic models are experienced. These include
(17). This mechanism has been inferred based on the crystalthe conventional rigid structure with rapid N bond
structures of ligand-free AK enzymes, and various molecular fluctuations model, and a new intrinsically flexible model,
complexes with nucleoside monophosphates, nucleosidewhere peptide planes move on the nanosecond time scale.
triphosphates, and inhibitord g, 22). Time-resolved fluo- The CORE domain of AKeco, and the majority of the
rescence energy transfer studies of fluorescent AKeco AKeco*APsA residues, comply with the conventional model.
derivatives confirmed domain closure in solution upon It was found that the catalysis-related domains AMPbd and
inhibitor binding @3, 24). These studies also indicated that LID of AKeco are engaged in collective nanosecond peptide-
large-amplitude segmental mobility of AMPbd and LID is plane motion interpretable as domain motion, and micro-
in effect in the ligand-free form2@). AKeco is the only second-millisecond conformational exchange. Residues
adenylate kinase for which crystal structures correspondingwithin the loopsfi/a, a/as, ou/bs, os/fa, and fglos of
to the extreme stages of the catalytic cycle are availdile (  AKeco*APsA experience nanosecond peptide plane motion
21,22), with the closed form represented by AKecoAP which may be of a loop-swinging type. Loops/33 andas/
The ATP phosphates are bound to the enzyme partly throughj, are rigid in AKeco and representative residues thereof
the so-called P-loop GXXGXGK (residues—13). This are intrinsically flexible in AKeco*ARA, in accordance with
binding motif between proteins and nucleotides occurs in the “energetic counterweight balancing of substrate binding”
many proteins that bind nucleoside triphosphates, in all the concept (1726).
nucleoside monophosphate kinases, and in the weakly
homologous G-proteinsl{). When bound to AKeco, the THEORETICAL BACKGROUND
two-substrate mimicking inhibitor AJA adopts a conforma- We showed recently?7j that the two-body structural mode-
tion close to the suggested transition stét6)( Thus, we  coupling SRLS theory (89), extended in recent years to
have at hand a prototype for a multidomain biological spin-labeled proteinslQ—12), can also be applied to-N
machine where mobility and function must be necessarily bond vector motions in proteins. A short description of
related. The SRLS concept of coupling between motions fundamentals is presented below.
occurring on arbitrary time scales is particularly important ~ The N-H bond vector and the protein surroundings
for elucidating dynamic properties of proteins when seg- (the two “bodies”) are dynamically coupled by a potential
mental mobility is in effect. U(Qcwm) that depends on their relative orientati@uw(t),
Experimental®N relaxation data of AKeco and AKeco*- where C denotes the global diffusion frame of the protein
APsA acquired at 14.1 T were studied previoushg] using surroundings, and M denotes the local diffusion/local order-
the conventional MF approach. The SRLS approach wasing frame of the N—H bond vector. The local coupling
applied recently to AKeco data acquired at magnetic fields potential exerted by the protein surroundings tends to align
of 14.1 and 18.89 T14). This study indicated that SRLS the N—H bond vector along the principal axes of the ordering
is significantly more accurate and discriminating than MF. frame. In the case of axially symmetric (along;)Zlocal
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ordering it is most simply given by (10—12):

2
U(Qcw)/keT = —Cp0D"0o(R2cwm) (1)
wherekg is the Boltzmann constant, is the temperature in
K, C is the potential strength in units &§T, andD?y is
the Wigner rotation matrix element. A conventional order
parameter can be related ¢g as (10):

Ssris= <D Qem(®]> 2

where the brackets imply ensemble averaging using the

probability distribution based on the potential function given
ineq1 (7).

The time-dependent part of the spin Hamiltonian for this
two-body system was given previously( 27). The dynamic

effects associated with the global and the local diffusion are

incorporated into the spectral density through the diffusion
operator (9,10):

f — fgIObal(QLC) + flocal(QLM) + Fglobal(_QCM)
+F=Qc) 3

whereL denotes the fixed laboratory frame. The first two
terms in this equation refer to the freely globally diffusing
protein surroundings and locally diffusing-NH bond vector,
respectively. The last two terms reflect the contributions to
I" due to the potential(Qcwm), Which couples the global
and local motionsF9'°°@ gndF'°c@ gre functions of the Euler
anglesQcy that transform the M frame into the C frame.
This constitutes an effective two-body model for which a
Smoluchowski equation representing the rotational diffusion
of two interacting rotors is solve®,9). The solution features
three eigenvalues (correlation times) for the local motion
when& = 0:

(o) ' =6R+ KR — R forK=0;1;2 (4)

EachK value leads to its own spectral density component
(28). ForS > 0 the j—o(w) term represents mixed modes
between the global motionR®, and the local motion
componentR-n. WhenR- > RC the jk=1(w) and jx=(w)
terms are dominated biR", and R, given in eq 4. The

Biochemistry, Vol. 41, No. 20, 2005273

0= (6Rp)! ~ 1, = (6R)™Y), implying fup = 0; then
J(w) = jk=o(w), and the NMR relaxation data can be fit with
one (G, if 71 is negligibly small) or two ¢ and ) free
parameters, in formal analogy with the original MF spectral
density @, 5), with 7; denoting the local motion correlation
time; (ii) very anisotropic slow local motion (= 7, < 7

= tpandt; — 0), denoted VALM below; then the last two
terms in eq 5 are negligibly small compared Af«-o,
providedSup = 54.7°, and NMR data can be reproduced
with three free parameters, 75, fvp)- The VALM spectral
density is formally analogougd'(14) to the reduced extended
MF spectral density (6). If NMR data at more than one
magnetic field are available, VALM can be extended by
allowing 7t = 1), to be a free parameter. Then all théw)
components contribute tffw) in eq 5. For smalbyp angles,
the SRLS spectral density is (given the above assumptions)
formally analogous to the extended MF spectral den8idy. (
The expression (1.5¢8%,p — 0.5% is formally analogous
to §? (7, 14).

The CSA spectral density can be corrected for non-
collinearity of the!™N CSA and!N—*H dipolar tensors,
which are tilted at an anglé (33), by addition ofAJ*SA (7,

14). As discussed previously (14), the angleymp between
the Y axis of the magnetic dipolar tensor and tfi@xis of

the M frame was set at 90°. In this case, the perpendicular
local motion occurs about an axigy) lying in the peptide
plane parallel to the N-C* bond, or the € ,—C" axis.

After the spectral density functiod(w) has been con-
structed out of its fundamental(w) components using eq
5, the measurabl®N relaxation quantitie3®N Ty, 15N T,
and **N-{'H} NOEs are calculated as a function &D),
J(wn), I(wn), J(wy + wy), andI(wy — wy), using standard
expressions for NMR spin relaxation (34).

The formal analogy between SRLS and MF spectral
densities can be further clarified by giving the form of the
expression for the SRL§(w) functions. The solution of
the two-body Smoluchowski equation consists of eigenmodes
1/t and weighing factorsi, such that(w) = Yicn/(1 +
?1i?). The eigenmodes @/frepresent pure or mixed dynamic
modes, in accordance with the parameter range considered.
For example, folR°/R- = 0.01 the global motion is given
by the smallest eigenmode, with increasing weightSas

“measurable” spectral density is then constructed out of the increases (Table 5 of r&). The local motion is given by a

threejk(w) components by incorporation of the orientation

large number of mixed eigenmodes with two (for 6:23

dependent functions that multiply the spin operators in the < 0-5) or one (abové& = 0.5) having weights comparable

spin Hamiltonian (28).

Assuming that thé>N CSA tensor is axially symmetric
and collinear with the dipolar N—H tensor, the spectral
density for'>N CSA and®N-{'H} dipolar relaxation in the
coordinate frame of the local motion is given R8( 29):

J(w) = Ajg—o(®) + Bjy=1(®) + Cjc—p(w) %)

where A = (1.5CO§ﬁMD - 05)2, B = 3SinzﬁMDCOSZﬁMD,
C = 0.75sifBwp, and Bwp is the “diffusion tilt" angle
between the molecular diffusion axis, and the N-H bond

to that of the global motion eigenmode. Yet, the combined
contribution of the (three or two) dominant eigenmodes to
j(w) in the noted<’ range is only about 80%, with the rest
contributed by a large number of large mixed eigenmodes
with small individual weights. The SRLS functiai{w) is
constructed out of thg(w) components. Thé(w) from the
SRLS approach we use (as described above) and from MF
have similar general forms and feature the same number of
free parameters (more sophisticated forms of SRLS are
available as needed)7,( 10). In this respect, they are
“formally analogous” but not identical, because the M&)

vector. In the present study, the SRLS parameters featuredare not precisely the same dynamic modes and associated

by J(w) include three diffusion rate constant8® (related
to the global diffusion tensorR-; and R~ (related to the
local diffusion tensor), one potential parametgy, and the
polar anglefup (diffusion tilt angle). Special cases include:
(i) isotropic fast local diffusion (local correlation time =

weights, nor does MF distinguish between the diffeijgnt
(w) in eq 5. Identity is achieved only in the limiting cases
where J(w) for SRLS vyields the MF formulas. We found
that the contribution of mixed modes is on the order of typical
experimental errors whe®(SRLS) > 0.9 andz(SRLS) <
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Table 1: SRLS Models Used to Fit Experimental AKeco and _descr'bed procedyre_for purification of AKeC@_AO_ was
AKeco*APsA 15N NMR Relaxation Data Acquired at Two Magnetic  improved by application of Blue-Sepharose affinity chro-
Fields matography35), followed by size-exclusion chromatography
no parametefs SRLS model description on a Sephacryl S-100 column (Pharmacia, Sweden). AKeco
1 o very fast internal motion (=~ O)° stock. solutlc_)n was prepared by Fhorough dialysis of the
2 co(S); o(m) isotropic internal motion protein solution against 40 mM sodium phosphate buffer (pH
3 0 (D); Rex model 1 with exchange term 6.8) containing 1M sodium azide, followed by concentra-
4 Co(S); o(rr); Rex model 2 with exchange term tion on a Centricon-10 concentrator (Amicon, US). The
5 (S Auo (5 7ol ey ;?Aio(tgoﬂco')ftema' concentration of the AKeco solution was determined based
6 o(SD): Ao (S2): 7o(r);  anisotropic Internal motich on the absorption coefficiedt7; = 0.5 mg/mL cm™ (36).
7),(zr) An appropriate amount of AJA (Boehringer, Germany)
7 Co(SY; Puo (S7); Ta(rd);  model 5 with exchange term inhibitor stock solution (pH 6.8) and 50%,D, prepared in
8 CzoF(\’e&xz)' Buo (S9): 7(z);  model 6 with exchange term the same buffgr, were added to the qoncentrated AKeco
TH(Tf)'; R ' solution to obtain fully saturated enzyme in the AKecotAP
- sample. The ligand-free sample contained 1.75 AINF
2 Analogous MF parameters are shown in parenthéses: model . . 0
1, thetr — 0 assumption is practically equivalent to fixingat the labeled enzyme and 40 mM sodium phosphate buffer in 95%

lowest value for which the SRLS spectral densities could be calculated. H20/5% D,O. The inhibitor-bound sample contained 2 mM

¢ For model 5, thery — 0 assumption is equivalent to neglecting the *N-labeled enzyme, 2.5 mM AR, and 40 mM sodium
jk=1(w) andjk=2(w) spectral density components-or models 6 and phosphate buffer in 95%4@/5% D;O. The protein samples

8, where in practice, < 7o, jx—s(e), andjx—(w) components calculated ;0o qegassed and transferred to 5-mm NMR Shigemi cells.

for an isotropic local diffusion tensor with correlation time 1R6,) . . . . .
were used in eq 5. Protein monodispersion was ascertained previously (26).

NMR SpectroscopyNMR experiments were carried out
40 ps. As indicated in re?, and further demonstrated in &t 303 K on Bruker DMX-600 and DRX-800 spectrometers

this study, the MF limits are not precisely attained over the OPerating at 14.1 and 18.79 T, respectively, using 5-4m

parameter range relevant to folded proteins. The parameter <~ N triple resonance inverse detection probes and B-VT-
most sensitive to departures from these limits.is 2000 and BTO-2000 temperature control units at 14.1 and

The theory outlined above has been implemented in a 18-79 T, respectively. NMR data were analyzed on Silicon
fitting scheme 7). The SRLS-based dynamic models em- Graphics workstations usmg_the software package_s nmrPipe
ployed to fit the two-fieldsN relaxation data of AKeco are ~ and modelXY (37). The previously determined assignments
summarized in Table 1. In model 1, the local motion is so ©f the AKeco'H-N correlations (38), complemented and
fast (z — 0) that its effect on the spectral density is revised in our earlier study6), were _used. The assignments
negligible. This assumption is equivalent in practice to fixing Of the AKeco*ARA *H-*N correlations were taken from
7; at the lowest value for which the SRLS spectral densities ref 39.
could be calculated. In model 2, it is assumed that the internal  Relaxation timesT; and T,, and NOE parameters were
motion can be approximated as isotropic € 7). Models measured using established inversion recovédy,(spin—

3 and 4 are derived from models 1 and 2, respectively, by echo (41), and!*N-{*H} steady-state NOE4Q) pulse
addition of the free parametd®,, to the transverse relaxation sequences, as described in é8s-45. A 0.5-ms spin-echo
rate expressions to account for exchange processes on thperiod was used in the CPM®; experiments. For NOE

microsecond to millisecond time scales. For modeid Byvp experiments, we used sequence 1B of&fwhich features
= 0, hencel(w) = jk=o(w) in eq 5. In model 5 (VALM), H.O flip-back pulses to minimize saturation of water.
the local motion is assumed to be very anisotropic, es Spectral widths were 1824.5 and 2432.6 Hz in the F

7 < 15 = 10, andts — 0. In this case, onlyg enters the  dimension, and 9615.4 and 12820.5 Hz in thelimension
spectral density. The anglkp is allowed to vary, affecting  at 14.1 and 18.79 T, respectively. THd carrier was set at
J(w) through the coefficient A in eq 5. In model 6, the 117.5 ppm and was referenced indirectly to liquid N46).
restrictiont; — 0 is removed letting, be a free variable. 360 x 2048 complex points were acquired in thex t,
The local motion R") of an N—H bond restricted to the  dimensions for each time point.

peptide plane is necessarily highly anisotropic (see below). the1sy T, and T, measurements were performed using a

It was found that in this limifc-1(w) andjk—2(w) N €45 {t4] of 40 and 64 transients perexperiment, respectively.
are well approximated by their counterparts calculated for g, theT: measurements of AKeco, nine time points were
an isotropic local diffusion tensor with correlation time 1/(6  g|iected using parametric delays of 15, 127, 247, 367, 487,
R-r). These approximations were used in models 6 and 8. 647. 807, 1031, and 1287 ms at 14.1 T, and 15, 127, 327,
Models 7 and 8 are derived from models 5 and 6, respec- 567, 807, 1047, 1367, 1767, and 2247 ms at 18.79 T. The
tively, by addition of the free paramet&ex. experiment was repeated twice for time points 15, 487, and
1287 ms at 14.1 T, and 15, 807, and 2247 ms at 18.79 T.
MATERIALS AND METHODS The delay between scans was setto 1.5sat14.1 Tand 2 s
Sample PreparationFor preparation of uniformly°N- at 18.79 T. For thd; measurements of AKeco*AR, eight
labeled AKecoEscherichia coliHB101 cells transformed  time points were collected using parametric delays of 133.5,
with the pEAK91 plasmid were grown at 3T in Celtone-N 245.5, 357.5, 485.5, 645.5, 805.5, 997.5, and 1285.5 ms at
medium (Martek Biosciences Corp., US) containig8% 14.1 T, and nine time points were collected using parametric
I5N. The recombinant plasmid pEAK91 contained the intact delays of 15, 127, 327, 567, 807, 1047, 1287, 1607, and 2007
gene coding foE. coliadenylate kinase3f). The previously ms at 18.79 T. The experiment was repeated twice for each
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time point at 14.1 T, and for 15, 807, and 2007 ms at 18.79 ]
T. The delay between scans was setto 1.5 s at 14.1 T and PP %
22 s at 18.79 T for both AKeco forms. For thg
measurements of AKeco, nine time points were collected
using parametric delays of 8, 16, 24, 32, 48, 64, 80, 96, and
128 ms at 14.1 T, and eight time points were collected using
parametric delays of 8, 16, 32, 48, 64, 80, 104, 128 ms at
18.79 T. The experiment was repeated twice for time points
8, 64, and 128 ms. For th& measurements of AKeco*
APsA, nine time points were collected using parametric
delays of 8, 16, 24, 32, 48, 64, 80, 96, and 128 ms at 14.1
T, and eight time points were collected using parametric
delays of 8, 16, 32, 48, 64, 80, 104, and 128 ms at 18.79 T.
The experiment was repeated twice for time points 8, 24,
64, and 128 ms at 14.1 T, and 8 and 48 ms at 18.79 T. The
delay between scans was setto 1.6 sat 14.1 T and 1.9 s at
18.79 T for both AKeco forms. The data were apodized with
a cosine (cosine-bell) window function tn(ty). Duplicates
were used to calculate average values of, and uncertainties
in, the measured peak heights. Phenomenologicahd T, "g‘
values and uncertainties were determined by nonlinear least-
squares fitting of the experimental data to monoexponential
equations (47).

The ®™N-{'H} NOE values were measured using pairs of
spectra recorded in an interleaved mode with and without

; ; FiIGURE 2: Experimental relaxation parameters of AKeco {&
proton presaturation during the recycle delay. A total of 96 T.. (b) 5N T, and (c)N-{1H} NOE derived from data acquired

transients pert; experiment were recorded. The delay at 303 K at 14.1 T (solid circles) and 18.79 T (opaque circles) as
between scans was 3.8 and 6.6 s for AKeco and 3.8, 6.6, 0rg function of residue number.

12.1 s for AKeco*ARA at 14.1 T, and 5.4 s for AKeco and

5.7 s for AKeco*ARA at 18.79 T. The data were processed function for spini was defined as the sum of the squared
as described above. TA®-{*H} NOE values were recorded  differences between experimental and calculdtgd>, and

in duplicate, and the replicates were used to determine>N-{*H} NOE values divided by the squared random errors:
uncertainties and mean values.

~ Data AnalysisThe calculation of SRLS spectral densities v = z[(Tcl’ibs_ T(i?lc)/UTl,i]z"' [(Tgibs_ Tg?"ﬁ/gmi]z +

is computationally intensive foty, values exceeding-10 obs al 2

(S exceeding~0.81) and/or very fast internal motions. [((NOE>™ — NOE™Y/oyoel” (6)
Therefore, in adapting SRLS to protein relaxation analysis o _ N
we used precalculatétvo-dimensional grids f{0), j(wn), where the_ sum runs over the magnetic f|§lds used in acquiring
(), i(@n + on), andj(oy — wy) to fit experimental>N Fhe expepmental data. The model selection scr_]er_ne employed
Ty, T, and™N-{'H} NOE data. ) Thejk=o, jk=1, andjx—z in the fitting program was based g#+ and F-statistic testing
grids of spectral density values at the five frequencies were @nd followed closely the schemes used for MF analysis, as
constructed under the assumption of isotropic global motion described previously7j. Errors in microdynamic parameters

Tz (s)

Residue

for sets ofcy andt; (or 7o) values. An axial®N chemical were evaluated based on Monte Carlo simulati&® (sing
shielding tensor withy, — o5 = —170 ppm,ryy = 1.02 A, 100 randomly distributed synthetic data sets. Convergence
and 6 = —16° (e.g., see refd8) were used in these Was ascertained by obtaining practically identical results with

calculations. Thecy, grid dimension spanned the values aIarger.number of Monte Carlo simulations in representative
between 0 (5= 0) and 40 (3= 0.95), and the dimension calculations. _ _
spanned the values between 0.0008nd 1.4%. The ratio The fundamentals of the MF calculations were described
1/t was interpolated to 0 as required. A two-dimensional €arlier 61), and the details of their application to the AKeco
polynomial interpolation using Neville’s algorithrd9) was and AKeco*ARA data acquired at 14.1 T were given
employed for spectral density evaluation in the course of Previously (26).
model fitting. The interpolation errors in both tleg, andt
grid dimensions were estimated to be at least one order ofRESULTS AND DISCUSSION
magnitude smaller than the errors in the fitted microdynamic ~ The experimentat®N T, T, and 3N-{*H} NOE data,
parameters. The fitting of experimental NMR data was based acquired at 14.1 and 18.79 T for AKeco are shown in Figure
on Powell minimization49) of a target function. The target 2. It can be seen that tAeN-{*H} NOE is the most sensitive
parameter, with NOE values clearly reduced in the chain
2 Following the publication of re7, we detected a small error in  regions corresponding to domains AMPbd and LTpvalues
the j(w) computations. In general, the dynamical picture, the results of are lower within AMPbd and within the LID chain segment

the SRLS fitting, and our conclusions did not change. In particular, ; ; ; i
discrepancies of several percent between SRLS and MF in Figures 3a,eXtendmg from residue G122 to residue F137. The experi

4a, 4c, 5a, and 6a, in the limit when they are expected to become equa|’mentaI15N Ty, To, and™N-{*H} NOE data,_ acquired at14.1
have now been removed. and 18.79 T for AKeco*ABA, are shown in Figure 3. NOE
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Ficure 3: Experimental relaxation parameters of AKeco*AP

(@) 1N Ty, (b) 5N T, and (c)>N-{H} NOE derived from data
acquired at 303 K at 14.1 T (solid circles) and 18.79 T (opaque
circles) as a function of residue number.

Shapiro et al.

thesern(i) values led to practically the same results as using
m = 11.64 0.1 ns, with the same provision in regards with
Rex terms beyond Q160 as mentioned above for AKeco. On
the basis of these consideratiomg,= 11.6 ns was used in
all further calculations.

Local Motion The combined two-field data sets of AKeco
and AKeco*ARA were subjected to SRLS fitting’{ using
the eight SRLS models (Table 1), which can be classified
into the simplified models 44 and the somewhat more
general models 58. In the first model category, it was
assumed tha®- is in the extreme motional narrowing limit
(models 1 and 3) or isotropic (models 2 and 4). The latter
simplification is justified when the time scale separation
betweenR- and RC is large, as in this casg=o(w) is
dominated by the global diffusion, and determiniRgwith
reasonable accuracy is difficult. The modet& category
includes general cases of weaker coupling potentials and
smaller time scale separations, when the tefSamnust be
at least axially symmetric. Sind& > RC for models 4
and Ry = R® for models 5-8, we denote the former
parameter range as the “ps regime”, and the latter parameter
range as the “ns regime”. With AKeco the majority of the
CORE residues were associated with the ps regime and fit
with models 2 and 4. The AMPbd and LID residues were
associated with the ns regime and fit with models 6 and 8.
With AKeco*APsA loop a/as, and representative residues
of loopsfi/au, oulfs, as/fs, andBslos, were associated with
the ns regime and fit mostly with model 6. The rest of the
backbone was associated with the ps regime and fit with

values acquired at both 14.1 and 18.79 T are reduced withinmodels 1—4, pointing out outstanding rigidity.

loop au/o; of domain AMPbd, loopsi/fs and as/f4 of
CORE, and residues Q160 and G214. TheandT, profiles
display limited variability. The NOE and; values are on
average smaller, and thB values larger, for the ligand-
free enzyme, pointing qualitatively to a larger and more
flexible particle prevailing in solution in the absence of
inhibitor.

The best-fit microdynamic parameters obtained with the
SRLS analysis are depicted in Figures 4 and 5. The squared
order parametersy, are clustered into two distinct narrow
ranges. With AKecd = 0.78—0.90 in the ps regime and
0.18—0.49 in the ns regime, and with AKeco*A® S =
0.82—0.95 in the ps regime and 0:18.38 in the ns regime
(Figure 4a). The local motion correlation timegsare shown

The combined data sets featuring 188 residues for AKecoin Figure 4b. Note that with models 2 and 4 this parameter

and 187 residues for AKeco*AR were subjected to SRLS

represents the presumed isotropic correlation tinser ~

analysis, with the experimental errors on average 2.5% for . This assumption appears to be justifiedds, of (0.3—

AKeco and 3.5% for AKeco*ABA. The y? probability

8.7) x 10 for AKeco and (0.4-16.0) x 102 for

confidence level was set at 5% (in a few cases at 1%), andAKeco*APsA. With models 6 and 8, represents the parallel

the F-statistic probability confidence level at 20%. With these

criteria, the experimental data of 86% of the AKeco residues,

and 96% of the AKeco*AFA residues, could be fit.
Global Diffusion. Domains AMPbd and LID of AKeco
execute in solution large-amplitude segmental moti@3s (

24). On the NMR time scale, conformational averaging leads

to a well-defined average structuggy. A detailed discussion

of its global diffusion tensorR®, was presented previously
(14). 1t was concluded that isotropic diffusion with, =
15.1+ 0.1 ns constitutes an appropriate approximation, with

component of the axial local diffusion teng®f, on the order
of 5 ps for AKeco and 11—31 ps for AKeco*AR. The
perpendicular component of R-, shown in Figure 4c, spans
the range of 5.#11.3 ns for AKeco and 5:69.6 ns (one
outlier A11 with o = 10.7 ns) for AKeco*ARA.

The R data appear in Figure 4d. The issue of experimental
confirmation of the best-fiRex terms was addressed previ-
ously (14). On the basis off1, experiments (55), the
measurement of cross-correlatél CSA—*N—'H dipolar
relaxation rategy, (56), numerical simulations and general

the provision that exchange contributions beyond Q160 may considerations (14), and the current AKeco*ARlata, the

also reflect geometric features associated Wftlanisotropy
(26). The inhibitor-bound complex is quite rigid and similar
to the nearly spherical crystal structu6(52). Therefore,

it lends itself particularly well to global diffusion tensor
determination based on the quadratic approxima&d)34).
This has been accomplished previousdg)(to yield 7(app)

= 11.6+ 0.1 ns and a diffusion anisotrofy;/Dg = 1.11.
The quadratic approximatios8) makes possible calculating
(54) effective correlation timesy(i) for each residue Using

following results were obtained. Within AMPbd and LID
of AKeco R lies largely between 2.3 and 4.41sand is
likely to represent genuine conformational exchaniy).(

It is reduced mostly below 2% in the LID domain (two
outliers T155 withRex = 3.9 s%, and R156 withRex = 6.1
s1), and largely suppressed in the AMPbd domain upon
inhibitor binding, in accordance with domain motion being
discontinued. For both enzyme foriRs terms within CORE
below Q160 are likely to represent genuine excharig®. (
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Ficure 4: Best fit microdynamic parameters obtained by applying SRLS to the combined data of AKeco (opaque magenta circles) and
AKeco*APsA (solid blue circles): (a) squared order paramefr(b) parallel SRLS local motion correlation time componen(zs); (c)
perpendicular SRLS local motion correlation time componer(rs), and (d) exchange term, 14.1R,, plotted as a function of residue
number. For SRLS models 5—8, the squared order paran®tes calculated as the product 8fr £ and (1.5c0¥wp — 0.57, where

Ssrisis equivalent td and (1.5co¥vp — 0.5) t0S in the extended MF formula. Average errors for both enzyme forms are given as solid
bars on the right-hand side of each Figure. Individual errors are given in the Supporting Information. The black boxes represent the domains
AMPhd and LID. Data were taken from Tables S3 and S4 of the Supporting Information.

[T T Figure 5a. With AKeca,o = 9.0—20.5kgT in the ps regime
] and 2.3—4.7gT in the ns regime. With AKeco*ARA cxo

C et e e . ] = 11.4—40.0kgT in the ps regime, and 1-8.8 ksT in the
80 [o* P A ns regime. The angl@up between the local diffusion/
RS A LR . £ al ordering axis and the N—H bond assumes values of 14.7—
R ' te . ] 21.0°for AKeco and 11.6-20.0° for AKeco*APsA in the

oy 4 R R AN Lo ns regime.

_ 1ol Validity Range of the MF LimifThe SRLS spectral density
0L o e e e A is expected to yield the MF spectral densityras> 0. The
— — range ofz; values wherein SRLS and MB(w) can be

TroorTTTTTTTTTTTT considered to be practically identical is determined by the
20 | S 4 b | experimental errop andS. These ranges can be determined

- ' $ oot 1 theoretically by simulatind, T2, and NOE with SRLS and
. ] MF. We carried out such calculations using analogous
y . 1 microdynamic parameters, evaluated relative percentage
errors, and considered convergence of SR(c to the MF
asymptote practically achieved if these data were comparable
I ] to the experimental errors. AKeco*AR turned out to be

0 e ke e an exceptionally rigid molecular complex featuring a large
Residue number of residues fit with model 1, where= 0, and model
Ficure 5: As in the captions of Figure 4 for (a) the coupling 2, wherer; is sma_ll._Thls en_abled asses_smg_MF V"’_‘“d'ty on
potential coefficient g (eq 1) corresponding t6sr.s (eq 2), and the level of data flttlﬂg, besides theoretical simulations. The
(b) the tilt anglefwp between the collinear local diffusion and AKeco*APsA data were subjected to MF fitting using the
ohen e incion et nambes Mot S o b, Program DYNAMICS (7). and cortesponding microcy.
gnzyme forms are given as solid bars 6n the ?ight-hand side of 1@MIC parameters were compared for residues where .bOth
each figure. Individual errors are given in the Supporting Informa- SRLS and MF selected model 1 or model 2. Relative
tion. The black boxes represent the domains AMPbd and LID. Data percentage errors were evaluated, considering convergence
were taken from Tables S3 and S4 of the Supporting Information. of SRLS to MF practically achieved if these data were
comparable to the Monte Carlo errors determined by the
The AKeco*ARA residues associated with outstandingly fitting process. Both simulation and data fitting indicated that
large Rex terms include 129, D84, T155, and R156. SRLSJ(w) converges to MB(w) for ; = 0. For finite values

The best-fit values of the coefficiemto, which gauges of 7t, we found with simulations that the relative percentage
directly the strength of the coupling potential (eq 1) associ- errors inTy, Tz, and NOE remain below approximately 2%
ated with the order paramet&r.s (eq 2), are shown in  up to 7 (75) ps fors = 0.8 (0.95), for magnetic fields of

czo(kgl)
RS

B (degrees)
R Y
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FiGure 6: Best fit microdynamic parameters for AKeco*A®obtained by applying SRLS (solid blue circle) and MF (opaque magenta
circles) to the combined data set: (a) squared order pararf&tér) parallel SRLS local motion correlation time compongn(zs in MF);

(c) perpendicular SRLS local motion correlation time componer(ts in MF); and (d) exchange term, 14.1Rg,, plotted as a function

of residue number. Average errors for both enzyme forms are given as solid bars on the right-hand side of each figure. Individual errors
are given in the Supporting Information. The black boxes represent the domains AMPhd and LID. Data were taken from Tables S4 and S5
of the Supporting Information.

14.1 and 18.8 T. These simulations also indicated That axis (60). The angle H—N—Cof 113° (ref 61) renders ¥
andT, are much less sensitive than the NOE to increasing parallel to the N-C bond also geometrically feasible. The
values ofz;. Model 2 fittings gave comparable SRLS and specific values of the various parameters converge to the
MF &, and MFz; smaller on average by a factor of 4 than physical picture of nanosecond peptide plane motion. With
SRLS7:. This is in accordance with the simulations, as for AKeco the conspicuous parameter clustering is suggestive
larger proteinsT; and T, constitute the major determinants  of collective ns motions interpretable as domain motion.
of &, while the NOE is the major determinant of;. The AKeco*APsA does not experience domain mobility and the
data given above constitute quantitative assessments of MFns motions may be of a loop-swinging type. Higher accuracy
validity. They are relevant to MF aspects such as determi- in model characterization will be achieved after implementing
nation of the global diffusion tensob4, 58), applicability asymmetric orderingl@). The latter feature is also expected
of the simplified expressions for cross-correlated spectral to have implications to the interpretation of order parameters
densities (59), the model-independent approach (56), etc. in terms of fast asymmetric local motions (60).

Physical Models. The ps regime and ns regime models Comparison between SRLS and MF Analysedetailed
have been described in detail previousfi4). A brief account of the results obtained with SRLS and MF for the
summary will be provided below for convenience. The ps ligand-free enzyme is given in ref4. The main results
regime model feature andzs as SRLS variables, with the  obtained for the ps regime CORE domain, and the ns regime
former high and the latter low. It represents the conventional AMPbd/LID domains, are summarized below for conven-
model of a rigid protein structure with rapid small amplitude ience. In the ps regime, M& is mostly higher than SRLS
fluctuations about the equilibrium NH bond orientation. 2, in excess of the experimental error. In some cases, they
The ns regime model featur&, 7, 7o, andfvp as SRLS  are practically the same. The MFvalue ranges between 5
variables. In the ns regime, the SRLS fitting gave typically and 50 ps, while its SRLS counterpart ranges mostly between
low parallel Zy ordering. This is still consistent with large 5 and 131 ps. Analysis of corresponding pairs indicated that
perpendicular (negative) w ordering and ¢ ordering MF underestimates local motion correlation times by factors
(currently determined to be approximaté&/= 0.3) higher of 3—6. In the ns regime, M overestimates SRLS on
than Xy ordering (32). The rigorous approach is to add the average by 131%, rendering t2 profile quite insensitive
rhombic term in eq 1, and carry out the SRLS fitting for an  to the distinction between ps regime and ns regime dynamics.
asymmetric ordering tensor. On the basis of data fitting Y The MF profiles ofr; andzs do single out AMPbd and LID
lies within the peptide plane perpendicular t@,Zvhich is qualitatively, but the quantitative differences are substantial,

tilted out-of-plane at approximately 26com the N—H bond, with MF 75 underestimating SRL%; on average by a factor
andr; < rp. This is consistent with the NH orientations of 11.

motionally averaged by, about Z,, and the average\Z The best-fit parameters obtained with SRLS for the
axis reorienting about ) with correlation timero. The 7o inhibitor-bound enzyme are shown in Figure 6 superimposed
mode is on the ns time scale defined by the global diffusion on the best-fit parameters obtained with MF. Most residues
correlation timerm. The angleBvp is on the order of 2Q pertain to the ps regime, where tBevalues obtained with

in compliance with ¥, being aligned close to the!G—C SRLS and MF are comparable, with&> = 0.9 (Figure
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6a). The average Mk value is 25 ps, and the average SRLS to the P-loop. This residue participates in a dense mesh of
) value is 125 ps. Analysis of corresponding pairs indicated hydrogen bonds that connects the inhibitor with the enzyme.
that MF underestimates this parameter by factors 0f-8.5 Its flexibility may be related to the site where transition state
(Figure 6b). SRLS identifies loopsi/ou, olos, ollfs, as/ dissociation commences. Finally, the chain segment of
fBa, and Bglo; as flexible, by associating representative AKeco*APsA featuring the largest number of contiguous ns
residues thereof with ns regime dynamics. The pertinent regime residues is loop,/as. In the ligand free enzyme,
parameters were determineda$*> = 0.3 (Figure 6a) and  this chain segment is part of helix (17). Upon inhibitor
<tp> = 7.6 ns (Figure 6c). MF only identifies loops/f4 binding, it becomes a turn-type structure with hydrogen
andfgloz as flexible, with<&> = 0.73 and<zp> = 0.8 bonds between residuést n andi, with n = 3, 4, 5 @1).
ns. Thus, for slow local motions, MF overestimate$*> Its flexibility, possibly of a loop-swinging type, may be
by 143% and underestimates> by a factor of 9.5. When  related to the onset of AMPbd movement toward product
SRLS and MF identifyRex terms for the same residue, the release. This is similar to the role played by lgégo in
magnitudes are mostly comparable (Figure 6d). SRLS the context of LID motion. Finally, it is of interest to point
identifies several addition#te terms typically below 28, out that all of the AKeco*ARA loops featuring ns regime
except for theRex contributions of residues T155 and R156. dynamics are located at the protein surface.

It is concluded that the dynamic picture provided by SRLS A comment on the ns regime residues of loopkx; and
is significantly more accurate and discriminating than the os/, of AKeco*APsA are in order. All of these residues
dynamic picture provided by MF. The well-defined meaning feature relatively low NOEs (Figure 3c). Yet, originally some

of the SRLS parameters, notably, the interpretation of> were fit with models 2 or 4. As pointed out previously, these
of AKeco as correlation time for domain motiori4), are false mimima that can be identified and avoided by
provides new physical insight. MF can mostly determine selecting appropriate starting points in the fitting procéds. (

satisfactorily axial order parameters in the ps regime. Also, some of these residues were fit with model 5, which

Relation between SRLS Dynamics and the Mechanics ofwe found to feature parameters of lower accuracy (62).
E. coli AKeco CatalysisAKeco catalysis takes place through
movements of the domains AMPbd and LID. With the CONCLUSIONS
ligand-free enzyme, ps regime dynamics is associated with | jgand.free adenylate kinase frof coliis a relatively
the structural scaffold CORE (21), and ns dynamics with |5r4e particle diffusing withr, = 15.1 ns correlation time.
the segmentally mobile domaing3, 24) AMPbd and LID  pgmain CORE features a rigid structure with rapid small-
(14). The tightly clustered ns regime parameters concur to aamplitude N—H bond vector fluctuations. The catalysis-

dynamic model where:z> represents the correlation ime  g|ated AMPbd and LID domains are engaged in nanosecond
for domain motion, found to be on the order of nanoseconds 4, main motion and substantial microsecond to millisecond

(14). To our knowledge, this is the first direct measurement .qnformational exchange. The ARinhibitor bound form

of domain motion correlation time. This is very significant g outstandingly rigid and compact (= 11.6 ns). The
for understanding kinase catalysis. On the basis of the maiority of its residues feature the conventional rigid rapidly
rationale outlined above for AKeco, the entire backbone of fluctuating structure. The exceptions include loggsL, o/
AKeco*APsA is expected to feature ps regime dynamics. Ols, 0alf3, 05/Ba, andBe/az, which feature nanosecond local
Therefore, the regions of interest are the ns regime 100ps yqtions. Loopsaw/fls and as/s are associated with the

Bilou, arlas, adfs os/fs and fgar of AKeco*APsA, “energetic counterweight balancing of substrate binding”
identified as flexible by SRLS. These are discussed below hypothesis, which is borne out by the SRLS analysis. The
specifically. other ns regime loops of AKeco*AR may be related to

The dynamic state of loops/f3s andows/fs can be related  he onset of domain motion toward product release. In
to the energetic counter—balancmg of substrate binding general, SRLS®N relaxation is a powerful tool for elucidat-
concept set forth by Mller et al (17). On the basis of j g intrinsic flexibility, notably, slow motions, in proteins.
crystallographic B-factors, these authors found that in the 1 jg particularly promising in the context of multidomain

AKeco-ARsA complex the active site is rigid, whereas 100ps  nzymes, where domain motion is associated with catalysis.
ou/fs andas/f4 are flexible. Conversely, in the ligand-free

enzyme the active site is flexible, whereas loop4; and ACKNOWLEDGMENT

os/f34 are rigid. The “solidification” of loopsx/fz and as/ L

B4 upon substrate release is hypothesized to serve as a £-M. gratefully acknowledges the hospitality of CSIT,
“counterweight” balancing the substrate binding energy. This FSY, Tallahassee, FL, during short visits promoting this
hypothesis was confirmed by a previdéis NMR relaxation work; we also.thank CSIT for eomputatlonal resources. We
study (26). The present SRLS analysis indicates that loopsth@nk Dr. David Fushman (University of Maryland, College
ol andas/Ba (except for residue 103) are rigid in AKeco, Park, MD) for sharing with us his program DYNAMICS.
and representative residues of these loops are intrinsically

flexible in AKeco*APsA. Residues R156 and D158 of loop SUPPORTING INFORMATION AVAILABLE

Pslaz are involved in binding to the AfA phosphates 35. 5N Ty, T,, and™N-{*H} NOE data ofE. coli adenylate
They form one of the two salt bridges that were found to kinase acquired at 14.1 and 18.79 T at 303 K (Table S1).
change the conformation of the hinge connecting LID and N Ty, T,, and®®N-{'H} NOEdata ofE. coliadenylate kinase
CORE in the crystal state2{). The flexibility of these in complex with the inhibitor ABPA acquired at 14.1 and
residues in the transition state, of which AKeco*AFs a 18.79 T at 303 K (Table S2). The results of SRLS fitting
mimic (21), may be related to the initiation of LID movement based on the combined AKeco data set, including estimated
toward product release. Residue A1l of Ighfn, pertains errors of the best-fit parameters (Table S3). The results of
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SRLS fitting based on the combined AKeco*4¥data set,
including estimated errors of the best-fit parameters (Table

S4)

. The results of MF fitting based on the combined

AKeco*APsA data set, including estimated errors of the best-
fit parameters (Table S5).
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The analogies drawn between SRLS model 5 and reduced
extended MF on one hand, and model 6 and extended MF on
the other hand, are merely formal. For example, khes 1
term of model 6 is associated with the local motién= 2
term of extended MF (see below). Genuine SRLS/MF cor-
respondence can be established in the mode-decoupled limit
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(R- > RC) based on a rigorous SRLS theo®gj validated in

a perturbational approach for axial orderifg(honzero), and
further extended to asymmetric orderir§fo(and S, = S,
nonzero) (13). The spectral densitjies= j% + j% + j3 (to

be called LF below) are given by eqs 10 and B6 of 18f
The termji represents free local diffusionzf)~* = 6 R'g

+ K2Ry, — Rp), K =0, 1, 2), whereas the sujk + j%
represents the SRLS contributions. If the local ordering tensor
is assumed to be axially symmetric and the diffusion tilt angle
Bwp is zero, onlyjk—o contributes tal(w)(LF). In this case,
J(w)(LF) corresponds formally to the original MF formulé, (

5) with (ﬁ)2 corresponding to the squared generalized MF
order parameter and, to the effective MF local motion
correlation time,z. For anisotropic local motion all of the
components ofx contribute toJ(w)(LF). If Bup is set equal

to 90°, theK = 1 contribution ofj%« vanishes (the coefficient

B in eq 5 of this paper is zero). In this cas#{w)(LF)
corresponds formally to the extended MF formubd \{ith 7o

= 15 T2 = 11, and (%0)? and (3B)? recast in terms 0&? and

S2. If in addition 7, < 70, the reduced extended MF formula
is obtained. We now consider the applicability of the MF
formulas to N-H bond motion. The extended MF formula
was introduced particularly to allow for a small time scale
separation between andty,. This obliterates one of the two
basic conditions underlying the perturbation approach, invali-
dating the applicability of this spectral density te-N bond
dynamics. In this parameter range mode-coupling dominates
the spectral density and the complete SRLS theory must be
used. With the original MF formula large time scale separation
betweenr andr, is implicit, but the condition tha® be small

is not fulfilled. In this limit the dominant effect is reduction
of ¢ through renormalization by the high local potentials (31,
32). Although in SRLS mode-coupling effects are also
involved, they were found to be small, to the extent that the
functional form of the original MF formula is largely preserved
and may be used. However,calculated by MF should be
considered as an effective value reduced several-fold by
potential-induced renormalization.
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