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Adenylate kinase from Escherichia coli (AKeco), consisting of a single 23.6
kDa polypeptide chain folded into domains CORE, AMPbd and LID, cat-
alyzes the reaction AMP + ATP — 2ADP. In the ligand-free enzyme the
domains AMPbd and LID execute large-amplitude movements control-
ling substrate binding and product release during catalysis. Domain flexi-
bility is investigated herein with the slowly relaxing local structure
(SRLS) model for N relaxation. SRLS accounts rigorously for coupling
between the global and local N-H motions through a local ordering
potential exerted by the protein structure at the N-H bond. The latter
reorients with respect to its protein surroundings, which reorient on the
slower time scale associated with the global protein tumbling. AKeco dif-
fuses globally with correlation time t,, = 15.1 ns, while locally two differ-
ent dynamic cases prevail. The domain CORE features ordering about
the equilibrium N-H bond orientation with order parameters, S?, of 0.8-
0.9 and local motional correlation times, t, mainly between 5-130 ps. This
represents a conventional rigid protein structure with rapid small-ampli-
tude N-H fluctuations. The domains AMPbd and LID feature small paral-
lel (Zyy) ordering of S$*>=0.2-0.5 which can be reinterpreted as high
perpendicular (Yy,) ordering. M denotes the local ordering/local diffusion
frame. Local motion about Z,, is given by 1, ~ 5 ps and local motion of
the effective Zy, axis about Yy; by 1, = 6-11 ns. Zy; is tilted at approxi-
mately 20° from the N-H bond. The orientation of the Yy, axis may be
considered parallel to the C¥_;-C? axis. The t, mode reflects collective
nanosecond peptide-plane motions, interpretable as domain motion. A
powerful new model of protein flexibility/domain motion has been
established. Conformational exchange (R.,) processes accompany the 1,
mode. The SRLS analysis is compared with the conventional model-free
analysis.
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turned NMR into a powerful method for elucidat-
ing protein dynamics.'” The amide N spin in pro-
teins is a particularly useful probe, relaxed
predominantlgr by dipolar coupling to the amide
proton and N chemical shift anisotropy (CSA).?
The experimental NMR observables are controlled
by the global and local dynamic processes experi-
enced by protein N-H bond vectors, which deter-
mine the spectral density function, J(w). N
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relaxation data in proteins are commonly analyzed
with the model-free (MF) approach, where the glo-
bal and local motions are assumed to be
decoupled.*® In a recent study” we applied the
two-body slowly relaxing local structure (SRLS)
approach developed by Freed and co-workers®® to
PN relaxation in proteins. SRLS accounts rigor-
ously for dynamical coupling between the local
and global motions, and treats the global diffusion,
the local diffusion, the local ordering and the mag-
netic interactions as tensors that may be tilted rela-
tive to one another, providing thereby important
information related to protein structure.’’~'* Asses-
sing the accuracy of the MF analysis was possible
because the MF spectral density functions consti-
tute asymptotic solutions of the SRLS spectral
densities.® The SRLS model was parameterized in
analogy with the commonly used MF parameteri-
zation, and an SRLS-based fitting scheme similar
to the MF-based ones was devised. Theoretical
simulations and comparative SRLS/MF fitting of
experimental data indicated that MF mostly over-
estimates order parameters, and typically under-
estimates local motion correlation times, over the
parameter range relevant for folded proteins.
Adenylate kinase from Escherichia coli (AKeco)
is a particularly intriguing case in the context of
protein dynamics in general, and the structure-
function relationship associated with domain
motions in enzymes,'® in particular. AKeco
consists of a single 23.6 kDa polypeptide chain
folded into domains CORE, AMPbd and LID. It
catalyzes the phosphoryl transfer reaction
Mg?*ATP + AMP < Mg*"ADP + ADP." The rib-
bon diagram of the “open” ligand-free form crystal
structure’ is shown in Figure 1(a). CORE is the
largest domain. It includes residues 1-29, 60-121
and 160-214 that form a five-stranded parallel B-
sheet comprising strands B;-B, and By surrounded
by helices o; and o,-05. Domain AMPbd includes
helices o, and o5 formed by residues 30-59. The
LID domain includes residues 122-159, which form

a

a four-stranded antiparallel B-sheet (strands Bs-Bg).
Domains AMPbd and LID are displaced signifi-
cantly upon substrate binding.'>~'® The active site
is configured thereby and the “closed” structure,
illustrated in Figure 1(b) by the ribbon diagram of
the complex of AKeco with the two-substrate-
mimic inhibitor APsA,' is obtained. It is assumed
that following the reaction the structure “opens
up” again through reverse movements of AMPbd
and LID to recover the original ligand-free
enzyme.'® This mechanism has been inferred based
on the crystal structures of ligand-free AK
enzymes, and various molecular complexes with
nucleoside mono-phosphates, nucleoside tri-phos-
phates, and inhibitors.””?° Time-resolved fluor-
escence energy transfer studies of fluorescent
AKeco derivatives confirmed domain closure in
solution upon inhibitor binding.*'** These studies
also indicated that large-amplitude segmental
mobility of AMPbd and LID is in effect in the
ligand-free form.?! Therefore, elucidating the
dynamic properties of AKeco bears upon the cata-
lysis-related domain mobility. The time-resolved
fluorescence energy transfer experiments focused
on a donor-acceptor pair with constituents located
in different domains. The ensuing information
relates to inter-domain distances and distributions
therein. On the other hand, "N spin relaxation pro-
vides unique information on domain flexibility by
elucidating the dynamic properties of a large num-
ber of N-H bond vectors. Manifestations of nanose-
cond motions within domains AMPbd and LID of
AKeco were detected previously.” These results,
and the general assessment that in the presence of
segmental mobility the global and local N-H
motions may not be decoupled, render the SRLS
concept of structural and dynamical coupling
between motions occurring on arbitrary time scales
especially important for the analysis of AKeco
dynamics. In this work we have extended the
original relaxation data® acquired at 14.10 T with
N T,, T,, and "N-{'"H} NOE data acquired at

Figure 1. Ribbon diagram of the
crystal structures of (a) AKeco and
(b) AKeco in complex with the
two-substrate-mimic inhibitor APsA.
The Figure was drawn with the
program Molscript®® using the PDB
coordinate files 4ake (complex II)
for AKeco and lake (complex II)
for AKeco*AP;A.
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18.79 T, and analyzed the two-field relaxation data
using the SRLS approach. It is shown that funda-
mentally different dynamic models apply to the
mobile domains AMPbd/LID, and to domain
CORE, which is not engaged in segmental mobi-
lity. Domain CORE represents a conventional rigid
protein structure with rapid small-amplitude N-H
bond vector fluctuations. A new rigorous model of
protein flexibility, featuring nanosecond peptide-
plane motions, has been established for the
domains AMPbd and LID. The nanosecond mode
appears to be collective in nature, and can be inter-
preted as domain motion. Microsecond-millisecond
conformational exchange processes akin to seg-
mental mobility accompany it. Implications of
nanosecond mode-coupling and multi-site micro-
second-millisecond dynamics to the efficiency of
common methods for confirming R, are discussed.
The SRLS analysis is compared with the conven-
tional model-free analysis.

Theoretical Background

It was shown in our previous study’ that the
SRLS theory, discussed recently in the context of
biomolecular dynamics,'°~'? could be applied to
N-H bond vector motions in proteins. The coordi-
nate frames required to describe the SRLS model
are depicted in Figure 2(a). The laboratory frame
(L) is a space-fixed frame with its z-axis along the
applied magnetic field. CSA and D are the N
chemical shift anisotropy and the N-H dipolar
magnetic tensor frames, respectively. The dipolar
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tensor frame has its z-axis aligned along the N-H
bond (Figure 2(b)). The Euler angles Q;5 and
Qrcsa are the usual stochastic variables of mag-
netic resonance spin relaxation, modulated by the
local motion of the N-H bond vector and the global
molecular tumbling. The local diffusion/local
ordering frame (M) relates to the local N-H bond
vector motions/local ordering potential. The M
frame can be tilted relative to the N-H bond (or D
frame) by a set of time-independent Euler angles
Qup (v, Bvps Yvp)- If we assume the local diffu-
sion/ordering to be axially symmetric only two
angles, Byp and yyp, remain. The global diffusion
frame (C) is a molecule-fixed frame determined
mainly by the protein shape. The N-H bond vector
diffuses in a highly anisotropic environment (due
to geometrical and structural/motional restrictions)
and experiences local ordering with symmetry axes
that may be different from the C frame. We there-
fore define a local ordering (director) frame C’ that
is fixed relative to the C frame. For isotropic global
tumbling the distinction between C and C’ frames
vanishes (cage frame in Figure 2(a), denoted C
below). In summary, the local diffusion of the N-H
bond vector and the local ordering induced by the
globally tumbling surroundings (cage) are
represented by tensors that may be tilted relative
to the N-H bond vector (D frame) and the CSA
tensor.

The N-H bond vector and the cage (the two
“bodies”) are dynamically coupled by a potential
U(Qcy) that depends on their relative orientation
through time-dependent Euler angles Qcy(t). The

Z(‘S.'\

Figure 2. (a) Schematic representation of the coordinate frames used in the calculation of the SRLS spectral density
function for the N-H bond vector motions. L, the laboratory frame; C, the global diffusion frame; C’, the local order-
ing (or local director) frame; M, the local diffusion frame; D, the dipolar ®*N-'H tensor frame; CSA, the >N CSA ten-
sor frame. In the case of isotropic global tumbling the C and C’ frames become the same (cage frame). (b) Definition
of the Euler angles associated with the relative orientation of the "N CSA tensor (Xcsa, Ycsa, Zesa) and dipolar
®’N-'H tensor (Xp, Yp, Zp) frames. Yy, Z,, are principal axes of the collinear local diffusion and local ordering tensors.
The principal axes Xcsa Ycsa, Zcsa are defined to be aligned with the most shielded (o,,), intermediate (5,,) and
least shielded (c5;) components of the '°N shielding tensor, respectively. Y, and Yg, are assumed to be perpendicu-
lar to the peptide plane.”” The M — D frame transformation consists of a rotation by an angle By about Yy, and a
rotation by an angle y\;p about the new orientation of Zp. The D — CSA transformation consists of a rotation by an
angle 0 about Ypp (Ycsa)-
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coupling potential tends to align the N-H bond
vector along the principal axes of the ordering
frame. In the simplest case of axially symmetric
(along Zyy) local ordering it is given by:'0~12

U(Qem)/ksT = —c0Djy(Qem) = —u(Qcm) (1)

where kg is the Boltzmann constant, T the tempera-
ture in K, ¢,y the potential strength in units of kT,
and D}, the Wigner rotation matrix element. A
conventional order parameter can be related to cy,

as:10

Ssris = (D3o[Qcm(b)]) )

The time-dependent part of the spin Hamil-
tonian for this two-body system is given by:"

-y Y Y Y

u=CSA,D 1=0,2 m=—I m'=—] m"=Il (3)
! !
A( m)Dmm’(QLM)Dm 'm’ (QMCSA)FH CSA

where X({ stands for the mth component of the
Ith (I=0, 2) rank irreducible spherical tensor or
tensor operator X (where X is either a spin oper-
ator A or a magnetic tensor F) defined in the N
frame, with p 1pec1fymg the kind of interaction
("N CSA or ®N-'H dipolar). D!, (QyN) are
Wigner rotation matrix elements which relate the
N frame to the N’ frame. The detailed form of
Al WL ) and F2, can be found elsewhere.**

“The dynamic effects of the global and the local
diffusion are incorporated into the spectral density
through the diffusion operator:*'°

A global ~local

= Qo)+ T (Qum)

+ Fglobal(_QCM) + Flocal(_QCM)

(4)

The local motion within the macromolecule (cage)
is restricted by the internal orienting potential
U(Qcy) (equation (2)), which couples the global
and local motions. The last two terms in equation
(4) reflect the contributions to I' due to U(Qcp)-
Fslobal and Flo<al are functions of the Euler angles
Qcy that transform the M frame into the C frame,
which can be further expressed as (—Sc + Qpnm)
(Figure 2(a)). This constitutes an effective two-body
model for which a Smoluchowski equation repre-
senting the rotational diffusion of two interacting
rotors is solved.®’ The solution features three
eigenvalues (correlation times) for the local motion
when §? =0

(tw) ' =6R} + K*(Rf —R}) forK=0;1;2 (5)
Each K value leads to its own spectral density
component.”® Even for $*>0 the jix_;(®) and
jx—2(®) components are mainly dominated by local
motions, whereas the ji_y(®) component represents
mixed modes between the global and the local (RY)

motions. The “measurable”” spectral density is then
constructed out of the three ji(®) components by
incorporation of the orientation dependent func-
tions that multiply the spin operators in the spin
Hamiltonian.*

Assuming that the N CSA tensor is axially
symmetric and collinear with the dipolar N-H ten-
sor (8=0 in Fléure 1(b)) the spectral dens1ty for
N CSA and N-{'H} dipolar relaxation in the
coordinate frame of the local motion is given
by225’26

J(®) = Ajk=0(®) + Bjk=1(®) + Cjk=2(®)  (6)

where

A = (1.5¢c08> Byp — 0.5)%, B = 3sin? Byp oS Byp:
C = 0.75sin*Byp, and Pyp is the “diffusion tilt”
angle between the molecular diffusion axis Zy; and
the N-H bond vector. Here, the SRLS parameters
featured by J(o) include three diffusion rate con-
stants, RS (global diffusion tensor), R} and R
(local diffusion tensor), one potential parameter cy,
and the polar angle B,y (diffusion tilt angle)
between the M and D frames (Figure 2(b)). Special
cases include: (1) isotropic fast local diffusion (local
correlation time 1, =1, = (6 R}) ™' ~1,=(6 R))™),
implying Byp =0; then, J(0)=jx _o(®), and the
NMR relaxation data can be fit with one (c,, if t; is
negligibly small) or two (c;y and 1) free par-
ameters, in complete analogy with the original MF
formulation;** (2) very anisotropic slow local
motion (=1, <1,=71, and 71— 0), denoted
VALM below; then the last two terms in equation
(6) are negligibly small compared to Ajx_o, pro-
vided Byp # 54.7°, and NMR data can be repro-
duced with three free parameters (cy, s, Pyp)- The
coefficient A in equation 6 is formally analogous to
the squared order parameter 57, while S35 (where
Ssris is calculated using equation (2)) is formally
analogous to SZ, in the reduced extended MF
formula where t; — 0:°

J(@) = SF[S3tm/(1 + 0°T3,)
7)
+(1 = SHr,/1+12)]

S, and S; are order parameters associated with the
slow and fast local motions, respectively, 1, is the
correlation time of the global motion, and t} is the
effective correlation time of the slow local motion.
Within the scope of VALM, the fast local motion
represents diffusion about Z,; (Figure 2(b)), and
the slow local motion represents diffusion of the
Zy; axis itself about Yy;. A formal correspondence
between the order parameter S=155, of the
extended MF formula and the SRLS order
parameter, S, can be established with the relation:

S = Ssris(1.5 cos? Byp — 0.5) 8)

A formal analogy is thus established between the
reduced extended MF formula™ and VALM. If
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NMR data at more than one magnetic field are
available VALM can be extended by allowing
=1, to be a free parameter. Then all the ji(®)
components contribute to J(w) in equation (6). For
small Byp angles the SRLS spectral density is for-
mally analogous to the extended MF formula® as
the term (1 — S?)1;/(1 + ®?t?), which is now added
to the right-hand-side of equation (7), is formally
analogous’ to the second term on the right-hand-
side of equation (6).

In principle, the CSA and dipolar magnetic ten-
sors are not collinear (Figure 2(b)). Then, in the
local diffusion coordinate frame the dipolar and
CSA spectral densities differ. The CSA spectral
density can be corrected for non-collinearity® with
AJ*0,9,Brp, Yavp) calculated by applying two con-
secutive rotations: from the M frame to the D
frame and from the D frame to the CSA frame.”
We set yyp =90° (see below), in which case the
diffusion axis of the 1, mode, Yy, lies in the pep-
tide plane.

The formal analogy between SRLS and MF spec-
tral densities can be further clarified by giving the
actual expression for the SRLS ji (o) functions. The
solution of the two-body Smoluchowski equation
consists of eigenvalues 1/1; and weighing factors
¢;, such that:

j@) =Y emi/(1+ o).

The eigenvalues 1/t1; represent pure or mixed
dynamic modes, in accordance with the parameter
range considered. The global motion is always
given by the smallest eigenvalue, which may be a
mixed mode or the pure t,, mode. The latter case
materializes for large time-scale separations
between the global and local motions and rela-
tively high ordering. The local motion is generally
given by a small number of larger eigenvalues that
represent mixed modes. The combined contri-
bution of the dominant modes to j(®) can be sig-
nificantly smaller than 100 %. For large time scale
separations and high ordering the relative contri-
bution of the global mode will dominate the spec-
tral density, and the local motion will manifest
itself as a large number of mixed modes associated
with very large eigenvalues and very small relative
weights. The SRLS function [(w) is constructed out
of the jx(w) components. The J(w) from SRLS and
from MF have similar general forms and feature
the same number of free parameters.” In this
respect they are “formally analogous” but not
identical because the MF J(®) are not precisely the
same dynamic modes and associated weights.
Identity is achieved only in the limiting cases
where J(0) for SRLS yields the MF formulae. We
found that the contribution of mixed modes emu-
lates  typical  experimental errors  when
S*(SRLS) > 0.9 and t(SRLS) <40 ps. As indicated
by Tugarinov et al.” and further demonstrated
in this study, the MF limits are
not precisely attained over the parameter range

relevant to folded proteins. The parameter most
sensitive to departures from these limits is t.

After the spectral density function () has been
obtained from its fundamental ji(®) components
using equation (6), the measurable "N relaxation
quantities N T;, N T, and "N-{'"H} NOEs are
calculated as a function of J(0), J(oy), J(on),
J(og +oy) and  J(wyg — oy), using  standard
expressions for NMR spin relaxation.>*®

The theory outlined above has been
implemented in a fitting scheme.” The SRLS-based
dynamic models employed to fit two-field N
relaxation data of AKeco are summarized in
Table 1. In model 1, the local motion is so fast
(t — 0) that its effect on the spectral density is neg-
ligible. This assumption is equivalent in practice to
fixing t at the lowest value for which the SRLS
spectral densities could be calculated. In model 2,
it is assumed that the internal motion can be
approximated as isotropic (1, = t;). This model is
analogous to the original MF formulation. Models
3 and 4 are derived from models 1 and 2, respect-
ively, by addition of the free parameter, R,,, to the
transverse relaxation rate expression to account for
possible exchange processes on the microsecond to
millisecond time-scales. For models 1 — 4 Byp =0,
hence [(®w) = jx _ o(®) in equation (6), and the cor-
rection AJ“**(®) depends solely on the angle 6. In
model 5 (VALM) the local motion is assumed to be
very anisotropic, i.e. ;=1 <1,=1, and 1, — 0. In
this case only 1, (or jx _o(®)) enters the spectral
density. The angle By, was allowed to vary, affect-
ing J(w) through the coefficient A in equation (6).
The VALM form of J(w) is analogous to the
reduced extended MF formula.® In model 6 all the
terms of equation (6) are considered. As shown
previously’, for small angles By, the SRLS spectral
density J(w) becomes formally analogous to the
extended MF formula®. The restricted local motion
is highly anisotropic, with 1, <t,.* It was found
that in this limit jx _ ;(®) and jx _ ,(®) in equation
(6) are well approximated by their counterparts for
an isotropic local diffusion tensor, with correlation
time 1/(6R’). These approximations were used in
models 6 and 8. Models 7 and 8 are derived from
models 5 and 6, respectively, by addition of the
free parameter R.,.

Results and Discussion

The experimental N T,, T, and "N-{'"H} NOE
data, acquired at 14.10 and 18.79 T are shown in
Figure 3. It can be seen that "’N-{'"H} NOE is the
most sensitive parameter, with NOE values clearly
reduced in the chain regions corresponding to
domains AMPbd and LID. T, values are lower
within AMPbd and within the LID chain segment
extending from residue 122 to residue 137. The
combined two-field data set was subjected to SRLS
analysis, with all the experimental errors leveled to
approximately 2.5 %, the y* probability confidence
level set at 5%, and the F-statistic probability confi-



160

Domain Flexibility NMR Mode-coupling Relaxation

Table 1. SRLS models used to fit experimental AKeco 5N NMR relaxation data acquired at two magnetic fields

No Parameters® SRLS model description

1 C20 (5%) Very fast internal motion (t—0)®

2 €20 (8% 7 (1)) Isotropic internal motion

3 Ca0 (5%); Rex Model 1 with exchange term

4 Ca0 (5% T (19); Rex Model 2 with exchange term

5 €20 (S2); Bwp (S7); Tu(ty) Very anisotropic internal motion (t,—0)¢
6 Ca0 (53); Bwp (57); T.(%5); (tp) Anisotropic internal motion?

7 C20 (52); Bump (57); T.(1); Rex Model 5 with exchange term

8 20 (S2); Bup (59); T.(10); 7(19); Rex Model 6 with exchange term

2 Analogous MF parameters are shown in parenthesis.

® For model 1 the T — 0 assumption is practically equivalent to fixing T at the lowest value, for which the SRLS spectral densities

can be calculated.

¢ For model 5 the t; — 0 assumption is equivalent to neglecting the jix _ 1(®) and jix _ »(w) spectral density components.
4 For models 6 and 8, where in practice T, <7y, jx = 1(®) and ji _ »(w) components calculated for an isotropic local diffusion tensor

with correlation time 1/(6R";) were used in equation (6).

dence level set at 20%. With these criteria the
experimental data of 92.5% of the residues could
be fit using SRLS-based spectral densities.

Global diffusion of AKeco

The determination of the global diffusion tensor
R¢ was the first step of the analysis. Domains
AMPbd and LID of AKeco execute in solution

T (s)

008 -+

0.06 -

T2 {S)

0.04 —- .

NOE

large-amplitude segmental motions.”* On the
time scale of the time resolved fluorescence energy
transfer experiment this leads to a distribution of
conformations.’** On the NMR time scale confor-
mational averaging leads to a well-defined average
structure.” The global diffusion tensor was deter-
mined in a previous study® with common meth-
0ds®~% using experimental data acquired at 14.1
T. These methods apply to rigid particles while

Figure 3. Experimental relaxation
parameters (a) °N T,, (b) °N T,
and (c) ®’N-{'"H} NOE derived from
data acquired at 303 K at 14.10 T
(filled blue circles) and 18.79 T
(opaque magenta circles) as a func-
tion of residue number.
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AKeco features segmental mobility. As indicated
by Shapiro et al.” it was necessary to relax to
some extent statistical criteria for defining “rigid
spins”, the scatter in the dependence of the appar-
ent local diffusion constant on the N-H orientation
was larger than commonly observed, and the diffu-
sion tensor anisotropy obtained, D”/ D, =1.25,
was significantly smaller than the inertia tensor
anisotropy (D, /D, = 1.49). Therefore, only general
qualitative aspects of the R-tensor-associated
results obtained previously* were considered here.
These include the conspicuous “edge” in the R,/R;
profiles within the chain segment Q160-G214 of
both AKeco and AKeco*APsA, which is very likely
to reflect geometric features of the structurally pre-
served CORE domain (see below discussion of R,
terms associated with this chain segment). On the
other hand, the anisotropy factor (D,/D, =1.25)
obtained previously? is not considered to be an
accurate measure of R® tensor anisotropy. There-
fore we adopted herein the conservative and physi-
cally plausible approach of considering the average
AKeco solution structure to be spherically sym-
metric. The above-mentioned MF calculations
yielded an apparent t,, value of 15.1(+0.5) ns.
We used this value in the present study as a 1.,
estimate, and scanned the range of 10 to 18 ns in
an attempt to refine it with combined data SRLS
calculations based on global % optimization. These
calculations confirmed the value t,, =15.1(+0.5)
ns. We also found that for 14.5 < t,, < 15.5 ns the
microdynamic parameters changed slightly, the
single-field SRLS results complied with the two-
field SRLS results, and the latter reproduced quali-
tatively the NOE pattern in Figure 3(c). Taken
together these data led us to fix t,,, at 15.0 ns in all
further calculations.

SRLS dynamics

Microdynamic parameters

The combined two-field data set was subjected
to SRLS fitting” using the eight SRLS models
(Table 1), which can be classified into the simpli-
fied models 1-4 and the more general models 5-8.
In the first model category it was assumed that R"
is in the extreme motional narrowing limit (models
1 and 3) or isotropic (models 2 and 4). The latter
simplification is justified when the coupling poten-
tial is strong and the time scale separation between
R"™ and R is large, as in this case jx _ o(®) is domi-
nated by the global diffusion, and determining R"
with reasonable accuracy is difficult. The model
5-8 category includes general cases of weaker
coupling potentials and smaller time scale separ-
ations, when the tensor R* must be at least axially
symmetric. Since R> R for models 1-4 and R} is
on the order of 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 a few exceptions the CORE residues were fit
with models 2 and 4 and therefore pertain to the

“ps regime”. The AMPbd and LID residues were
fit with models 6 and 8 and therefore pertain to
the “ns regime”.

The best-fit microdynamic parameters obtained
with the SRLS analysis are depicted in Figures 4
and 5. Squared order parameters, S?, are clustered
into two distinct narrow ranges of 0.78-0.90 in the
ps regime and 0.18-0.49 (outlier T15 with §* = 0.04)
in the ns regime. The local motion correlation
times 1, are shown in Figure 4(b). Note that with
models 2 and 4 this parameter represents the pre-
sumed isotropic correlation time t=1t;~1,, an
assumption validated by the very large time-scale
separation between the local and global motions
and high order parameters (t,/t, <87 x 1073
and 0.78 < 5*<0.90). The t values display con-
siderable variability, ranging from 5 to 131 ps (six
outliers with 155 < 1t < 208 ps). With models 6
and 8 7, represents the parallel component of the
local diffusion tensor R". We found 71, to be
approximately 5 ps for all the ns regime residues,
which practically places t; in the extreme narrow-
ing limit. The slow local motion component T,
associated exclusively with the ns regime, is shown
in Figure 4(c). The 1, values span the range of 5.7-
11.3 ns (two outliers with 1, =5.1 and 12.8 ns,
respectively), with t, /1., of 0.38-0.75 reflecting the
small time scale separation between the global
(t,, = 15.1 ns) and local (t,) motions.

The best-fit values of the coefficient c,, which
gauges directly the strength of the coupling poten-
tial (equation (1)) associated with the order par-
ameter Sgris (equation (2)), are shown in
Figure 5(a). In the ps regime c,, lies within the
range of 9.0-20.5 kgT, whereas in the ns regime c,,
lies within the range of 2.3-4.7 kgT (outliers T15
and G214 with ¢,y equal to 1.03 and 545 kgT,
respectively). In accordance with the S? profile of
Figure 4(a), local potentials are strong in the ps
regime and, for axial ordering about Z,,;, weak in
the ns regime. The angle By (Figure 5(b)) between
the principal axis (Zy,) of the local diffusion (R")
tensor and the N-H bond is of great interest. This
unique structural SRLS parameter is not merely an
extra variable. As noted above, it is the formal ana-
logue of the extended MF order parameter S; in
the sense that 1.5cos*Byp — 0.5 = S;. The angle Byp
may differ from zero only for models 5-8 associ-
ated with the ns regime. The best-fit By;p values
(Figure 5(b)) lie between 14.7° and 21.0°. The
angle vy, which must be specified if the CSA/D
tilt angle 6 differs from zero, defines the orien-
tation of the ordering axis Y. Attempts to vary
Ymp in the fitting process led to poorer results
than keeping it fixed. This may be associated with
Byvp and yyp being correlated because 0 is small,
and/or because limitations of the experimental
data set used do not permit sufficiently accurate
and precise determination of six free variables.
Further studies will be conducted along these lines
after acquiring data at additional magnetic fields.
Since yyp could not be varied freely we tested
extreme values. These included yyp =0 and 180°
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Figure 4. Best fit microdynamic parameters obtained by applying SRLS (filled blue circle) and MF (opaque magenta
circles) to the combined data set: (a) squared order parameter, S (b) parallel SRLS local motion correlation time com-
ponent 1, (1¢ in MF); (c) perpendicular SRLS local motion correlation time component 1, (1, in MF); and (d) exchange
term, 14.10 T R,,, plotted as a function of residue number. For SRLS models 5-8 the squared order parameter, S, is
calculated as the product of Sga;s and (1.5c08?Byp — 0.5)?, where Sgy; g is equivalent to S, and (1.5c08%Byp — 0.5) to S;
in the extended MF formula. The SRLS average random errors were as follows: (a) $*, 1.5% in the ps regime and
27.8% in the ns regime, obtained from the Monte Carlo-based random errors in c,, using equations (1) and (2); (b) 7,
17 (107)% in the ps (ns) regime; (c) t,, 12.1%; and (d) R, (14.10 T) up to Q160, 0.63 s~*. Relative MF errors were on
the same order of magnitude as the corresponding relative SRLS errors. Average absolute error bars are depicted on
the right-hand-side of (a)-(d). The black boxes represent the domains AMPbd and LID. Data were taken from

Tables S2 and S3 of Supplementary Material.

(not shown), for which extrema in the y\;p-depen-
dence of the °N T;, T, and ®N-{'H} NOE values
are encountered, and vy, = 90°. The experimental
data of a significantly larger number of residues
could be fit with yyp = 90°. The latter value places
Y\ within the peptide plane, possibly parallel to
the C¥_ ,-C? axis® (or eventually the N,-C? bond).
Hence we assigned the value of 90° to yyp. For
axial Zy; ordering, yyp=90° and Byp=20° the
Zy; axis assumes an out-of-plane orientation. We
examine below qualitatively asymmetric ordering.
A quantitative treatment thereof is required to
determine the M frame accurately.

Physical models

The ps model features S and t as free SRLS vari-
ables. It represents a rigid protein structure with
rapid small amplitude fluctuations about the equi-
librium N-H bond orientation. This corresponds to
high $* and low 1. The ns model features S?, 1, 1,
and Byp as free SRLS variables. The time scales of

1, and 7, differ significantly, representing within a
good approximation individual motions restricted
about Z,; and Yy, respectively. Asymmetric Yy
ordering with Z,, preferred over X, and the
approximate decoupling of the 1, and 1, modes, is
featured by a previously developed SRLS spectral
density®® validated in the mode-decoupled limit,
which is formally analogous to the extended MF
formula.® Hence the rigorous approach is to define
the main ordering axis as Yy; and use the potential
function:

U(Qem)/ksT = —3/2c50° cos” Byp
— V62635 sin® By cos(2yyp)>

which reduces to —(3/2 c35"° +/6/2 c35%°)cos?
Bup + v/6/2c35=° for yyp = 90°. In principle poten-
tial coefficients can be recalculated for varying
principal ordering axes>> However, we used
the simplified one-term potential U(Qcy)/ksT =
— 3/2 cy9co8*Byp (equation (1)) for axial parallel
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Figure 5. Fig. 5. (a) Best fit microdynamic parameters
obtained by applying SRLS to the combined data set: (a)
the coupling potential coefficient c,, (equation (1)) corre-
sponding to Sgris (equation (2)), and (b) the tilt angle
Byvp between the collinear local diffusion and ordering
axes, and the principal axis of the magnetic dipolar ten-
sor, plotted as a function of residue number. The aver-
age random errors were as follows: (a) ¢y, 12.6 % in the
ps regime and 17.3% in the ns regime; and (b) Bup,
1.4°. Average absolute error bars are depicted on the
right-hand-side of (a) and (b). The black boxes represent
the domains AMPbd and LID. Data were taken from
Table S2 of Supplementary Material.

(Zyy) ordering (which based on the geometry out-
lined in Figure 2 is expected to be very insensitive
to deviations from axial symmetry). Therefore at
the moment we only recall that low parallel order-
ing is equivalent to high perpendicular ordering,35
and interpret qualitatively the low $* values
obtained as high restrictions about Yy, and Zy.
Extension of our current SRLS/NMR implemen-
tation to an asymmetric local potential is under-
way. Determining both ¢55°° and ¢55'*° is expected
to provide important new insight into local struc-
ture and dynamics in proteins. We mention in this
context the work of Briischweiler et al.%3%%” on $*
interpretation in terms of fast asymmetric N-H
fluctuations. It was found that the C{_ -C axis is
associated ~ with  the  largest fluctuation
amplitudes.® Setting vyp = 90° in our SRLS calcu-
lations complies with Yy, nearly parallel to C{_ ;-

C#, implying ns (t,) motions about this axis. It
may be useful to combine the two approaches in
the future.

Parameter magnitudes can now be rationalized.
The 1, mode is in the extreme-motional-narrowing
limit to establish an equilibrium orientation about
the tilted Z,,; axis. The tilt angle By is on the
order of 20°, complying with the approximate per-
pendicular orientation of the N-H bond and the

?_,-C¥ axis®™ (as well as the angle H-N-C* of
113°).3* yyp & 90° is compatible with the diffusion
axis Yy of the 1, mode lying along the C{_-Cf
axis. This concurs to 1, representing peptide plane
motion, as both the diffusion axis, C¥_;-C¥, and
the diffusing axis, Zy; are close to the peptide
plane. Since all the parameters are highly clustered
this mode is apparently collective, hence interpret-
able as domain motion. Thus, the various par-
ameters must be close to the noted values for the
ns model to be meaningful. On the other hand, the
inherent sensitivity,” and the accuracy of the SRLS
analysis, also render site-specific research mean-
ingful. Accounting for asymmetric ordering will
provide further options in this respect.

It is concluded that bimodal parameter cluster-
ing reflects the specific nature of N-H bond
dynamics. The ps and ns models apply to different
parameter ranges because they differ. Clustering
within each range is implied by the physical nature
of the respective model. There is nothing in-
between, since it is difficult to conceive of local
motions besides fast N-H fluctuations and slow
peptide plane motions experienced by a backbone-
attached N-H bond restricted to the peptide plane.
Under different physical circumstances, such as a
spin probe attached to a protein viz a long flexible
linker,*® continuous parameter values are physi-
cally possible, and were indeed observed. The orig-
inal MF and extended MF models are simplified
versions of the SRLS ps regime and ns regime
models, respectively, so the results of MF fitting
should also feature two parameter clusters. How-
ever, the MF microdynamic parameters are
inaccurate.” The MF S? profile appears to be con-
tinuous (Figure 4(a)) because MF over-estimates S*
to a much larger extent in the ns regime than in
the ps regime. On the other hand MF 1; and 1, dif-
fer to a much larger extent. Consequently they also
feature parameter clustering (Figure 4(b) and (c)).

It is appropriate to examine the exceptional
CORE residues associated with ns regime par-
ameters. Within the ps CORE region the ns outliers
include residues T15, Q16, T60, G85, R88, V103,
Q160, T191, V202 and G214. Residues T15, Q16
and G122 are unique in being associated with
6.1 < R, <71s' (Figure 4(d)). Residue T15,
associated with an exceptionally low order par-
ameter (Figure 4(a)), is hinge 1."° Residues T15 and
Q16 belong to the P-loop," indicating flexibility of
this important nucleotide binding motif. Q60 and
Q160 are adjacent to the C-terminal residues of the
mobile domains. V103 is the C-terminal residue of
loop o5/B4, T191 belongs to loop og/By, and R88
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may bind to the a-phosphate of AMP.' The fitting
scheme led originally to several rigid outliers fitted
with models 2 or 4 within the largely flexible
AMPbd/LID domains. This was difficult to ration-
alize on physical grounds. The microdynamic par-
ameters associated with these outliers were
examined carefully. The respective t values turned
out to exceed consistently the average t value of
true ps minima. (Figure 4(b)). This is an indication
that the fitting program may have converged to
non-physical minima, as the ps model is only justi-
fied when t/1,, is very small. As indicated above,
the ps and ns regime models are the only options
for N-H bond dynamics and the associated par-
ameters are clustered into two distinct regions.
Hence minima located in the connecting parameter
region do not correspond to a physical model. The
ns fitting scenario tests the simpler models 1-4 first
using ps regime starting points, and the more com-
plex models 5-8 next using ns regime starting
points. Hence it is possible that in the first trial
non-physical minima located outside of, but adja-
cent to, the ps parameter cluster are reached. We
found that all of the AMPbd and LID outliers con-
verged initially to such minima. Convergence to
the genuine ns minima was achieved by using
exclusively ns regime starting points. Non-physical
minima can be diagnosed based on unusually high
T values.

Further implications and data analysis issues

The dynamic state of loops a,/B; and o5/, can
be related to the “energetic counter-balancing of
substrate binding”” concept set forth by Miiller
et al.’® Based on crystallographic B-factors these
authors found that in the AKeco-AP;A complex
the active site is rigid, whereas loops o,/B; and
o5/ P, are flexible. Conversely, in the ligand-free
enzyme the active site is flexible, whereas loops
oy/Ps and as/B, are rigid. The “solidification” of
loops a,/B; and as/P, upon substrate release is
hypothesized to serve as a “counterweight”” balan-
cing the substrate binding energy. This hypothesis
was confirmed by a previous solution "N NMR
relaxation study.> The present SRLS analysis indi-
cates that loops a,/B; and a5/ B, (except for residue
V103) are rigid in AKeco.

The results presented thus far were based on the
analysis of the two-field six-point data set. The
single-field three-point data sets were also ana-
lyzed separately. The three-point SRLS fitting was
found to be satisfactory in the ps regime but less
robust in the ns regime. For example, a larger
number of ns residues were mis-assigned as appar-
ent ps residues with three-point data than with
six-point data. However, these mis-fits can be
corrected, as outlined above.

Conformational exchange

The 1410 T R, contributions determined by
SRLS are shown in Figure 4(d). It is highly desir-

able to confirm experimentally R, data determined
as best-fit parameters. This is typically accom-
plished based on R;, or CPMG experiments,*
and/or on measurements of >N CSA-""N-'H dipo-
lar cross-correlation rates n,.*

We carried out R,, experiments with o, =2.5
kHz at 14.10 T on AKeco. If the exchange process
is in the motional narrowing limit o, = 2.5 kHz is
expected to obliterate R., and the difference
R, —R,, is expected to match the R, value
obtained as best-fit parameter (see Millet et al.’
and papers cited therein). Only 32 % of the best-fit
SRLS R, values of AKeco were confirmed in this
manner. To ascertain that experiment and analysis
are appropriate we subjected the complex of per-
deuterated 'N-AKeco with the inhibitor AP;A (D-
AKC) (work in progress) to the same treatment as
AKeco. With D-AKC the differences R, — R;,, con-
firmed nearly 70 % of the SRLS R, data. We assign
this to differences in the conformational exchange
characteristics of the two protein systems. AKC is
a conventional rigid molecular complex apparently
experiencing commonly assumed fast two-site con-
formational exchange. AKeco prevails in solution
as an ensemble of conformations in thermodyn-
amic equilibrium,?'~* most likely experiencing
arbitrary-time-scale multi-site exchange. Millet
et al.* investigated two-unequal-site exchange with
relaxation-compensated CPMG methods. The
decay rate of the apparent exchange contribution,
Ry(1/7p), was found to be reduced in the slow and
intermediate time regimes relative to the exchange-
narrowed time regime. In some cases R, was not
cancelled with the highest pulsing rate attainable,
which is analogous to ®; =2.5 kHz in our T,,
experiments. With arbitrary-time-scale multi-site
exchange the decay of the apparent exchange con-
tribution may be even slower, eventually undetect-
able experimentally. Also, the effective line
broadening may be very sensitive to temperature
instabilities during long accumulation periods.
Therefore with AKeco lack of compliance of the
R,—R;, (0, =2.5 kHz) differences with the best-fit
SRLS R., data does not necessarily prove the latter
are not genuine. Also, under these circumstances
the common quadratic-field-dependence test may
not be wuseful, as for slow and intermediate
exchange R,(1/1,), hence R, (o,), exhibits non-
quadratic field-dependence.®

N CSA-"N-'H dipolar cross-correlation rates
(N«) can be used in concert with R, data to
confirm best-fit R, terms. The underlying concept
is the model-independent approach,®® which
assumes that the local motions can be described as
independent small, equal amplitude restricted
rotations about three mutually orthogonal axes,
in which case J(ow)[cross-correlation] =
(1.5c0s?0 — 0.5)J(w)[dipolar].*! The method* con-
sists of plotting n,, versus R,. Points that digress
from the diagonal toward higher R, values imply
association with R.,. In a previous study based on
MF analysis and 14.10 T data we found that practi-
cally all the best-fit R, terms of AKC, but very few
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best-fit R, terms of AKeco, are confirmed in this
manner.” The same picture is obtained with SRLS-
determined R, terms. The model-independent
assumptions appear to be justified for the out-
standingly rigid molecular complex AKC, but
unjustified for AKeco, where the local motions can-
not possibly be described as outlined above.
Indeed, preliminary SRLS studies of m,, indicate
that deriving  J(w)[cross-correlation from
J(w)[dipolar] as outlined above is highly inap-
propriate for ns residues. Hence the n,,-based
method is not successful with AKeco.

Since experimental confirmation of R, turned
out to be problematic we resorted to semi-quanti-
tative considerations. The experimental R, data,
given by R,(SRLS)+ R., do not distinguish
between the ns domains AMPbd/LID and the ps
domain CORE (Figure 3(b)). This indicates that R,
terms are compensating for lower R,(SRLS) in the
ns regime. It can be seen (Figure 4(d)) that the R,
contributions are distributed non-uniformly over
the polypeptide chain. As indicated in the Global
diffusion of AKeco section, above, the global diffu-
sion anisotropy was accounted for explicitly in a
previous study based on data acquired at 14.1 T.®
The only firm manifestation of global diffusion ani-
sotropy is the conspicuous “edge” in the R,/R;
profile within the chain segment Q160-G214. A
similar “edge” within this chain segment is visible
in the R, profile (Figure 4d), indicating that these
R.. data are likely to have absorbed geometric
effects associated with RS anisotropy. Therefore
R, terms within the chain segment Q160-G214 are
disregarded in the present discussion of genuine
conformational exchange contributions. The possi-
bility that R, in the remaining part of the chain
represents fudge factors associated with the SRLS
fitting was excluded by back-calculated 14.10 T
R,(SRLS) data using typical ns and ps regime
parameters. We found with simulations
that R,(SRLS)(ps) — R,(SRLS)(ns) ~ 2 s™!, whereas
Figure 4(d) indicates that on average R.(ns)—
R (ps) ~ 2 s™'. We conclude that within AMPbd/
LID and the CORE region below Q160 the best-fit
R.. terms represent genuine conformational
exchange. The larger contributions with the mobile
domains are actually implied by the very nature of
segmental mobility.

Model-free versus SRLS

Parameter comparison

The mode-decoupled MF formulae are asympto-
tic solutions of the mode-coupled SRLS spectral
densities. We found previously” that in general
SRLS generates a significantly more accurate and
discriminating dynamic picture than MF. It is of
interest to examine the implications of these find-
ings to AKeco dynamics. To this end MF analysis
was carried out and compared with SRLS analysis.
Using the same statistical criteria the experimental
data of 19 % of the residues were not fit with MF,

as compared to the experimental data of 7.5% of
the residues not fit with SRLS.

The MF and SRLS model-category selection (but
not the individual model selection) patterns were
found to be generally similar. The best-fit
parameters obtained with MF are shown in
Figure 4(a)-(c) together with the corresponding
SRLS parameters. The S*> MF data (Figure 4(a)) lie
mainly within the range of 0.8 to 0.9. The highest
value is 0.95 and the lowest 0.6, with only six $*
values below 0.7. In the ps regime MF S is mostly
higher than SRLS S?, in excess of the experimental
error. In some cases they are practically the same.
In the ns regime MF S? overestimates SRLS S* on
average by 131%. With MF domain AMPbd is
singled out by only three (five) residues with S
below 0.7 (0.75), whereas domain LID is singled
out by only one residue (two residues) with S?
below 0.7 (0.75). Clearly S* MF distinguishes very
poorly between domains AMPbd/LID and CORE,
contrary to the raw NOE data (Figure 3(c)). The
limited discriminating power of MF is illustrated
in Figure 6(a), where the ribbon diagram of the
AKeco crystal structure is color-coded according to
MF S2. The high discriminating power of SRLS is
illustrated in Figure 6(b). The MF 1; and 1, profiles
do single out AMPbd and LID qualitatively
(Figure 4(b) and (c)). This is illustrated in
Figure 7(a), where the ribbon diagram of the
AKeco crystal structure is color-coded according to
MF 1. Thus, for AKeco MF 1, is more useful than
MF $? in diagnosing ns local motions associated
with low NOEs. Actually it emulates SRLS in this
respect, as indicated by comparison with
Figure 7(b), where we show the SRLS counterpart
of Figure 7(a). The quantitative differences are,
however, substantial (Figure 4(c)), with MF 1 (yel-
low in Figure 7(a)) under-estimating SRLS t, (red
in Figure 7(b)) on average by a factor of 11. The
SRLS 1, values and the global correlation time 1,
are comparable in magnitude, with the spread in
7, being only 33 % about the mean, supporting the
notion of cooperative flexibility. On the other hand
MF 1, is on average tenfold faster than t,, and the
spread in 1, is ~200 %.

The 1, (t¢) data are presented in Figure 4(b). In
the ps regime the MF 1, value ranges between 5
and 50 ps, and its SRLS counterpart ranges mostly
between 5 and 131 ps. Analysis of corresponding
pairs indicated that MF underestimates local
motion correlation times by factors of 3-6. These
large factors may impact significantly on the con-
cept of rigid residues and t,, determination.® It is
noteworthy in this context that theoretical S*
values of rigid residues, calculated recently with
the mode-coupling diffusion theory,* were lower
than S* values derived from NMR data obtained
with the vnd/NK-2 homeodomain from Drosophila
melanogaster, indicating that this protein may not
feature rigid residues.
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Analysis of the MF S?profile

As indicated above, the MF §&?

profile
(Figure 4(a)) does not reproduce the NOE profile
(Figure 3(c)). This is contrary to the common obser-
vation. Within the scope of pinpointing the under-
lying reasons NOEs were measured at 11.7 T and
added to the six-point 14.10/18.8 T data set. The
MF $? profile changed marginally. Practically iden-

obtained with different
32,43

tical results were
implementations of the model-free formalism.
The MF S? profile was also found to be largely
invariant to changes in random NOE errors
between 1.5-2.5 %.

As shown in the Conformational exchange sec-
tion above, the R,, terms within AMPbd and LID
are most probably genuine. Yet, MF fails to ident-
ify most of these terms, in disagreement with the
raw R, data, and contrary to the very nature of
segmental mobility. There is only one MF R, term
within AMPbd and only a few within LID. Investi-
gation of the results of MF and SRLS fitting indi-
cated that in many cases MF selects model 5

Figure 6. Ribbon diagrams of the
crystal structure of AKeco color-
coded according to MF S$* values
(@) and SRLS S? values (b). The
Figure was drawn with the pro-
gram Molscript®® using the PDB
coordinate file 4ake, and color-
coded using the program
MOLMOL®, Residues with
$2 > 0.7 are colored blue. Residues
with 0.6 < S*< 0.7 are colored yel-
low and residues with S < 0.55
are colored red. The color-coding is
in accordance with Figure 4(a).

instead of model 8, casting missed R.,, and under-
rated t; and S7, into S In many other cases MF
selects model 5 instead of model 6, casting under-
rated 1, and S? into S% This constitutes force
fitting'® where minima abiding by statistical cri-
teria, but featuring non-physical microdynamic
parameters, are reached. Numerical simulations,
where we generated synthetic model 6 and 8 data
using SRLS and fitted those with MF, confirmed
the observations outlined above. We also examined
the effect of protein size (r,) and magnetic
field value, to find that the MF digressions are
significantly larger at 18.8 T than at 14.10 T for
T, = 15.1 ns.

Low NOEs did lead to low S? values for several
AMPbd residues, colored yellow in Figure 6(left).
In all of these cases MF selected the same model as
SRLS. The common scenario also applies to 11.7 T
data of RNase H,” which is a medium-size protein.
With single-field data the only ns model possible is
model 5, where R, =0, so co-existence of ns and
pus-ms motions is a mute point. Under these

Figure 7. Ribbon diagrams of the crystal structure of AKeco color-coded according to MF 1, values (a) and SRLS t,
values (b). The Figure was drawn with the program Molscript®® using the PDB coordinate file 4ake, and color-coded
using the program MOLMOL®. Residues associated with isotropic local motion correlation time are colored blue.
Residues with MF 1, < 4 ns are colored yellow. Residues pertaining to the ns SRLS regime are colored red. The color-

coding is in accordance with Figure 4(c).
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circumstances the tendency to force fitting is
reduced significantly, and MF selects consistently
the same model as SRLS.” Since literature reports
are mostly similar to the RNase H rather than
AKeco case, the common observation is that low
NOEs correspond to low MF §? values. We con-
clude that the uncommon scenario is caused by
force fitting promoted by the unusual co-existence
within AMPbd and LID of ns local motions and
segmental-mobility-related ps-ms conformational
exchange. This is further enhanced by large MF
inaccuracies featured by 18.79 T data generated by
a relatively large protein. The S* profile becomes
nearly flat, failing to reproduce (Figure 6(a)) the
raw NOE profile (Figure 3(c)). On the other hand,
MF 1, and 1 differ to a large enough extent to
reproduce the raw NOE profile, as illustrated in
Figure 7(a).

Conclusions

Backbone dynamics of the multi-domain
enzyme adenylate kinase from E. coli was eluci-
dated with coupled-mode SRLS "N relaxation.
Domain CORE, which is structurally preserved
during catalysis, features a conventional rigid
structure with rapidly fluctuating N-H bond vec-
tors. The domains AMPbd and LID, involved in
catalysis-related domain motion, experience col-
lective nanosecond peptide plane motions inter-
pretable as domain motion. To our knowledge
this is the first accurate experimental determi-
nation of domain motion correlation time.
Coupled-mode SRLS N relaxation is expected
to be generally useful for studying domain
motion in enzymes and other multiple-domain
systems. It is expected to impact on studies of
protein dynamics in general, and slow local
motions in proteins, in farticular. Cross-corre-
lated relaxation studies,***® and structure deter-
mination based on residual dipolar couplings,*
may be extended to include local nanosecond
dynamics if combined with SRLS.

Materials and Methods
NMR sample

For preparation of uniformly *N-labeled AKeco, E. coli
HB101 cells transformed with pEAK91 plasmid were
grown at 37°C in Celtone-N medium (Martek Bios-
ciences Corp., US) containing >98% '*N. The recombi-
nant plasmid pEAK91 contained the intact gene coding
for E. coli adenylate kinase.*” The previously described
procedure for purification of AKeco® was improved b4y
application of Blue-Sepharose affinity chromatography,*’
followed by size-exclusion chromatography on a Sepha-
cryl S5-100 column (Pharmacia, Sweden). AKeco stock
solution was prepared by thorough dialysis of the pro-
tein solution against 40 mM sodium-phosphate buffer
(pH 6.8) containing 10 pM sodium azide, followed by
concentration on a Centricon-10 concentrator (Amicon,
US). The concentration of the AKeco solution was deter-

mined based on the absorption coefficient
Ayy, =05 mg/ml~! cm™.*8 The sample was diluted to a
final volume of 270 ul in 95%H,0/5 %*H,0; it contained
1.75 mM solution of '*N-labeled AKeco. The protein
sample was degassed and transferred to a 5 mm NMR
Shigemi cell. Protein mono-dispersion was ascertained
previously.”

NMR spectroscopy

NMR experiments were carried out at 303 K on Bru-
ker DMX-500, DMX-600 and DRX-800 spectrometers
operating at 11.75, 14.10 and 18.79 T, respectively, using
5mm 'H-®C-®N triple resonance inverse detection
probes and B-VT-2000 and BTO-2000 temperature con-
trol units at 14.10 and 18.79 T, respectively. NMR data
were analyzed using the software packages NMRPipe
and modelXY* on Silicon Graphics workstations. The
previously determined assignments of the 'H-'N
correlations,® complemented and revised in our earlier
study,”® were used.

Relaxation times T, and T,, and NOE parameters were
measured using established inversion recovery,”® spin-
echo,?? and "N-{'H} steady-state NOE®® pulse sequences,
as described.>*~%® A 1 ms delay between successive 180°
N pulses was used in the CPMG sequence. For T,
experiments we used the pulse sequences of references
55 and 57. For NOE experiments we used sequence 1B,
which features H,O flip-back pulses to minimize satur-
ation of water. Spectral widths were 18245 and
2432.6 Hz in the F, dimension and 96154 and
12820.5 Hz in the F, dimension at 14.10 and 18.79 T,
respectively. The N carrier was set at 117.5 ppm and
was referenced indirectly to liquid NH,.%® 360 x 2048
complex points were acquired in the ¢, x ¢, dimensions
for each time point.

The N T,, T, and T;, measurements were performed
using a total of 40, 64 and 64 transients per t, exper-
iment, respectively. T;, was only measured at 14.10 T.
For the T, measurements nine time points were collected,
using parametric delays of 15, 127, 247, 367, 487, 647,
807, 1031 and 1287 ms at 14.10 T, and 15, 127, 327, 567,
807, 1047, 1367, 1767 and 2247 ms at 18.79 T. The exper-
iment was repeated twice for time-points 15, 487 and
1287 ms at 14.10 T, and 15, 807 and 2247 ms at 18.79 T.
The delay between scans was set to 1.5 seconds at 14.10
T and two seconds at 18.79 T. For the T, and T,,
measurements nine time points were collected using
parametric delays of 8, 16, 24, 32, 48, 64, 80, 96 and
128 ms at 14.10 T. For T, 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. The delay between
scans was 1.6 s for T, and 2.5 s for Ty, at 14.10 T and
1.9 s for T, at 18.79 T. The spin lock power used in the
T;, experiments was 2.5 kHz. The data were apodized
with a cosine-bell (squared cosine-bell) window function
in t; (f). Duplicates were used to calculate average
values of, and uncertainties in, the measured peak
heights. Phenomenological T; and T, values and uncer-
tainties were determined by non-linear least-squares fit-
ting of the experimental data to monoexponential
equations.”

The N-{'"H} NOE values were measured using pairs
of spectra recorded in an interleaved mode with and
without proton presaturation during the recycle delay. A
total of 96 transients per t; experiment were recorded.
The delay between scans was six seconds at 11.75 T, 3.8
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and 6.6 seconds at 14.10 T and 5.4 seconds at 18.79 T.
Data were processed as described above. The >N-{'H}
NOE values were recorded in duplicate, and the repli-
cates were used to determine uncertainties and mean
values.

Data analysis

The calculation of SRLS spectral densities is computa-
tionally intensive for c,, values exceeding ~10 (S*
exceeding ~0.81) and/or very fast internal motions.
Therefore, in adapting SRLS to protein relaxation anal-
ysis we used pre-calculated two-dimensional grids of
7(0), j(on), j(o), j(og + o) and j(og — o) to fit exper-
imental ®N T,, T, and ®’N-{'H} NOE data.” The jx _o,
jk—1 and jx _, grids of spectral density values at the
five frequencies were constructed under the assumption
of isotropic global motion for sets of c,, and Tt (or T,)
values. An axial "N chemical shielding tensor with
o, — o, =-—170 ppm, ryg=1.02 Aand 6=-16° (eg.
see ref. 60) were used in these calculations. The ¢,, grid
dimension spanned the values between 0 (S* = 0) and 40
(5*=0.95), and the t dimension spanned the values
between 0.0005 1, and 1.4t,,. A two-dimensional poly-
nomial interpolation using Neville’s algorithm® was
employed for spectral density evaluation in the course of
model fitting. The interpolation errors in both the c,, and
1 grid dimensions were estimated to be at least one
order of magnitude smaller than the errors in fitted
microdynamic parameters. The fitting of experimental
NMR datat was based on Powell minimization®® of a
target function. The target function for spin i was
defined as the sum of the squared differences between
experimental and calculated T;, T, and N-{'H} NOE
values divided by the squared experimental errors:

2 = ST — T5) /o,
+ (TS — T5) Jom, I ©)
+ [(NOE{™ — NOE{*")/ono]*

where the sum runs over the magnetic fields used in
acquiring the experimental data. The model selection
scheme employed in the fitting program was based on
x> and F-statistic testing and closely followed that com-
monly used for MF analysis, as described.” Errors in
microdynamic parameters were evaluated based on
Monte-Carlo simulations®® using 100 randomly distribu-
ted synthetic data sets.

The fundamentals of the MF calculations were
described earlier.®?> A global diffusion correlation time of
15.1 ns was used in the MF analysis.®> The program
DYNAMICS*® was used to determine the MF par-
ameters, with the 3 probability confidence level set at
5%, and the F-statistic probability confidence level at
20%. The N CSA value 6, — o, =—170 ppm and
rnu = 1.02 A was used in all calculations.

+ The pre-calculated ji(®) spectral density functions
required for 2D grid generation, the data-fitting and
model-selection program and associated files, the
simulation program for calculating the experimental
variables and documentation will be made available to
the public shortly by the authors at an accessible web
site.
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consisting of the following. N T;, T, and N-
{'"H} NOE data of E. coli adenylate kinase acquired
at 14.10 and 18.79 T at 303K (Table S1, 5 pages).
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data set, including estimated errors of the best-fit
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