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Abstract

It is proposed to obtain effective Lipari—Szabo order parameters and local correlation times for relaxation
vectors of protein '*CO nuclei by carrying out a '*CO-R; auto relaxation experiment, a transverse
13CO CSA/"CO — 3Ca CSA/dipolar cross correlation and a transverse 3CO CSA/">CO-'>N CSA/
dipolar cross correlation experiment. Given the global rotational correlation time from "N relaxation
experiments, a new program COMFORD (CO-Modelfree Fitting Of Relaxation Data) is presented to fit
the '*CO data to an effective order parameter S%O, an effective local correlation time and the orientation of
the CSA tensor with respect to the molecular frame. It is shown that the effective Sg, is least sensitive to
rotational fluctuations about an imaginary Co — Co axis and most sensitive to rotational fluctuations about
an imaginary axis parallel to the NH bond direction. As such, the Sz, information is fully complementary
to the '°N relaxation order parameter, which is least sensitive to fluctuations about the NH axis and most
sensitive to fluctuations about the Co. — Co axis. The new paradigm is applied on data of Ca®" saturated
Calmodulin, and on available literature data for Ubiquitin. Our data indicate that the S¢ order param-
eters rapport on slower, and sometimes different, motions than the 5N relaxation order parameters. The
CO local correlation times correlate well with the calmodulin’s secondary structure.

Abbreviations: COMFORD — CO modelfree fitting of relaxation data

The Lipari and Szabo spectral density function
allows the dissection of NMR relaxation in terms
of overall and local motion, characterized by
modelfree order parameters and local correlation
times in the nano-pico second time regime (Lipari
and Szabo, 1982a, b). While not valid for all mo-
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tional regimes, the description is intuitively clear
and has as an advantage that theoretical motional
models can be expressed in the same terms,
allowing comparisons between experiment and
theory (Lipari and Szabo, 1982a). The Lipari
Szabo theory was first applied to NMR relaxation
to extract dynamical information from a large
number of 'Ho-3Coa R, and NOE relaxation
vectors of cyclosporin A (Dellwo and Wand,
1989). Simultaneously, the protein NH relaxation
protocol was introduced (Kay et al., 1989). Their
protocol is almost synonymous with NMR protein
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backbone dynamics, and analyzes the three
experiments "N R;, R, and {'"H}'">N NOE. An
extended Lipari—-Szabo protocol was introduced
subsequently (Clore et al., 1990). Software pack-
ages such as NMRView for extraction of relaxa-
tion curves (Johnson and Blevins, 1994), and for
obtaining the spectral density parameters of these
data are available Modelfree (Mandel et al., 1995),
Dasha (Orekhov et al.,, 1994) and TENSOR2
(Cordier et al., 1998). Wagner and co-workers
showed that NH relaxation maybe interpreted in
terms of spectral densities alone (Peng and Wag-
ner, 1992a, b). The NH relaxation protocol has
been extended to measurements of conformational
changes at the milli-micro second time domain
using relaxation dispersion in the rotating frame
(Orekhov et al., 1994; Loria et al., 1999).

It is because of the many '°N relaxation studies
that one has obtained the general insight that en-
tire proteins may be extremely rigid, completely
floppy, or anywhere in between; it has changed the
perspective on the rigidity of proteins in general.
However, while the NH dynamics studies have
been and will remain to be invaluable, it is obvious
that complete dynamical characterization of a
biomolecule can not be obtained from NH back-
bone dynamics alone. To extend the scope of
experimental protein dynamics, Kay and co-
workers developed *H methyl group relaxation
methodology (Yang et al., 1998). These experi-
ments showed that the dynamics of the methyl
groups in SH2 domains are not quenched upon
phospho-peptide binding, conceivably Nature’s
way to allow promiscuity in high-affinity ligand
binding (Kay et al., 1998). In contrast, Wand and
co-workers showed with these methods that an
entropically costly quenching of methyl dynamics
occurs upon peptide binding to calmodulin (Lee
et al., 2000), conceivably disclosing Nature’s way
to allow high specificity in low affinity ligand
binding. Methods to quantitatively measure and
interpret '"HN relaxation data have been developed
by Torchia and co-workers, and disclosed impor-
tant functional flap motions in the HIV protease
(Ishima et al., 1999; 2004).

Several groups (Engelke and Ruterjans, 1997,
Dayie and Wagner, 1997; Zuiderweg and co-
workers, e.g. Zeng et al., 1996) introduced protein
3CO spin-relaxation experiments to obtain addi-
tional probes on the dynamics of the protein
backbone. Immediately, it was clear that the '*CO

experiments reveal a much larger dispersion in
relaxation rates than the N relaxation experi-
ments. However, it was not known whether this
dispersion was caused by a residue-to-residue
variation of the '3CO CSA tensor, which domi-
nates the '>CO relaxation at magnet fields above
14 T (600 MHz 'H) or by a larger dispersion in
local motions as detected by the '*CO probes than
the ">NH probes. Even with those restrictions, the
use of *CO dynamics experiments disclosed con-
certed motions of a helix in flavodoxin (Fischer
et al., 1998), obtained better agreement between
MD-calculated and NMR-detected order param-
eters for the loops of the enzyme binase (Pang
et al., 2002), showed differences in the temperature
dependence of '*CO and "N detected dynamics
(Wang et al., 2003), and demonstrated that '*CO
dynamics, in contrast to NH dynamics, detects a
quenching of motions upon ligand binding to
calmodulin (Lee et al., 2000; Wang et al., 2005). It
is thus well established that it is worthwhile to
obtain '*CO relaxation data for a more complete
description of the protein backbone dynamics, and
for the associated entropic properties (Akke et al.,
1993; Yang et al., 1997).

Recently, many open questions pertaining to the
13CO CSA tensor in proteins have been answered.
With high-level DFT calculations, it was shown
that the '*CO CSA tensor principal values o; and
o33 are constant within 7%, but that the ¢, value
and tensor orientation is highly variable from site to
site in proteins (Markwick and Sattler, 2004). These
computational predictions confirmed earlier solid-
state NMR data that related oy, value variability to
hydrogen bonding (Gu et al., 1994). The solid state
NMR and theoretical findings were confirmed
experimentally in solution by Bodenhausen and co-
workers (Cisnetti et al., 2004; Loth et al., 2005). To
do so, a set of 14 different auto- and cross-corre-
lated relaxation experiments, involving both '°N
and '*CO, was recorded and analyzed. The exper-
imental and computational findings revealed that
the variable oy, can be obtained from

G2 = 3Giso — O[] — 033 (1)

with good precision.

Both theoretical and experimental work also
showed that the o7 and o, axes remain in the
peptide plane for all residues, but that the orien-
tation of oy can vary with an rms of 3.7 degrees
with respect to the covalent bonds. The orientation



of the oy, axis could not be correlated to any
molecular parameter, and thus (for now) remains
as the single unknown CSA parameter, variable
from site-to-site.

Here, we propose to utilize these recent findings
to obtain Lipari—-Szabo order parameters, effective
local correlation times and the unknown orientation
of the 3CO CSA o axis for relaxation vectors of
the '>CO nucleus by carrying out three experi-
ments: a ?CO-R; auto relaxation experiment, a
transverse 3CO CSA/1*CO—"Co CSA/dipolar
cross correlation (n$9: %) and a transverse '*CO
CSA/BCO-'""N  CSA/dipolar cross correlation
experiment (n$>ON). These three experiments
have in common that they are fully independent
from the NH vector dynamics and are not affected
by conformational broadening effects.

Given knowledge of 1, (from "N R;/R,), we fit
the data, on a residue-to-residue basis, to an
effective order parameter S¢q, an effective local
correlation time Ty, and the orientation of the
BCO CSAo; axis with respect to the molecular
frame. We show that the effective S%, is least
sensitive to fluctuations around an imaginary
Co — Ca axis (y axis; Bremi and Bruschweiler,
1997) and most sensitive to motions around an
imaginary axis parallel to the NH bond direction
(the o axis). As such, the *CO relaxation infor-
mation is fully complementary to the >N relaxa-
tion information, which is least sensitive to
fluctuations around o and most sensitive to mo-
tions around y (and B).

Our proposed approach is complementary to
Chang and Tjandra’s work, in which the '*CO
CSA tensor is determined and dynamical data
obtained by carrying out R, and R, '*CO relax-
ation experiments using up to four magnetic fields
(Chang and Tjandra, 2005).

Theory

The goal of NMR relaxation studies is to extract
from the raw relaxation rates spectral densities at
nano to pico seconds which reflect the global and
local dynamical events. While it is quite feasible to
report such spectral densities without further
interpretation (e.g. Peng and Wagner, 1992a, b;
Farrow et al., 1995), we prefer to characterize the
dynamics in terms of the Lipari-Szabo modelfree
spectral density of the fluctuations of the magnetic
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vectors a and b (Lipari and Szabo, 1982a, b;
Daragan and Mayo, 1996, 1997):

Jﬂb(m)_z{ Sabr, I(Pz(cose”b)—S”b)r}(z)

5 1+(OJTC)2I 1+(01)?
The fixed angle between the vectors a and b is
denoted as 0 and

Py (cos6") = (3cos? 6 — 1)/2. (3)

When a=b, the quantity S? is the familiar
(squared) order parameter S*; whena # b, S* is the
cross-correlation order parameter. The inequality

(0 <[5 < |P5(cos 6)]) (4)

is valid for both cases. The correlation time 7.
affects both vectors a and b equally, i.e. equation
(2) is only strictly valid for isotropic tumbling,
while the time constant 7 is given by

_ TcTocal (5)
Te + Tlocal

where Tiocal 1S the time constant that reflects an
average of local motions affecting vectors a and b
simultaneously. When «a # b this does not mean
that vectors a and b are affected equally, as follows
from the definition of the cross correlation order
parameter:

5= S o010 (Va0 00)) (0

m=-2

The averages (Yom(0,,¢)) and (Y3 (6y,0,))
depend on the local motion and are formally given
by

2n

<Y2m(eav(Pa)> :ﬁ//YZm(eav(Pa)La(eav(pa)
0 0

x sin 0,d0,do, (7)

where L,(0,,0,) is the probability of finding
interaction vector a at the local frame angles
(0., @,). The probability is dependent on the spe-
cific local motion and, for the same local motion,
will generally affect vectors a and b differently,
unless @ = b or if it is a fluctuation around an axis
lying in a plane bisecting the two vectors. Similar
equations hold for vector b.

Our preference for describing local motions in
terms of the Modelfree spectral density function
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Figure 1. Theoretical dependency of the relaxation rates R{ (green), n{>C0%* (red) and n{>“ON (blue) on the CSA angle ©, the
local correlation time T,y and the order parameter SCO The values 1, = 245 ppm, 62 = 181 ppm and c33 = 93 ppm for the CO
CSA (Loth et al., 2005) and t. = 7 ns were used for each panel. a) Principal axis angle (©) dependence with Tioca = 70 ps, S = 0.8.
b) Local correlation time (Tjoca1) dependence with © = 154° and S%,o = 0.8 ¢) Order parameter (Séo) dependence with © = 154° and
Tiocal = 2 118 (solid lines), Tjocal = 100 ps (dashed lines) and tjoeq = 1 ps (dotted lines).

derives from the fact that the effects of specific
motional models can be computed from the
equations [6] and [7], such as is carried out in
Figure 5, and described in detail in the Supple-
mentary material.

In the following, we assume that the overall
correlation time . is known from independent '°N
relaxation experiments. In addition, we tempo-
rarily assume, wuntil further discussion below, that
the local motion affecting the different '*CO
magnetic vectors is isotropic and can therefore be
represented by a single order parameter SZ.
Then, a complete description of the two parame-
ters, S%O and T, in the spectral density of equa-
tion (2) can be achieved if two independent
relaxation measurements can be made, that are
differently dependent on the (linear combinations)
of spectral density functions. A classic choice
would be to use the auto relaxation rates are R,
and R,. However, R, relaxation rates are often
affected by chemical exchange processes (Ishima
et al., 2004) which, when not suppressed, give rise
to a third parameter, Rey, to be fitted. The '*CO
R, relaxation can be obtained with sufficient sen-
sitivity using extensions of the HNCO pulse
sequence.

As will be shown below, the >CO R, relaxa-
tion rate (R{©) is affected by many relaxation
pathways, most of which have to be taken into
account for analysis. A key contributor is the
3CO CSA relaxation which can account for up to
70% of the R$© relaxation rate. As mentioned in
the Introduction, the '*CO principal values o1,
and o33 vary only little from residue to residue,
allowing ©,, to be retrieved from the isotropic
chemical shift. Hence, the '*CO CSA tensor can be
estimated to within 7% from the experimental
data, and the overall R{® relaxation rate is thus
affected by variations of less than 5%, which is
close to the achievable experimental uncertainty.
Thus, we judge that the R$® experiment is a
suitable choice for quantitative *CO relaxation
measurements. As a second '*CO relaxation
experiment, one could use the homonuclear
BCO — 3Co NOE experiment (Zheng et al.,

1996). The experiment has as advantage that it
solely dependent on the '3CO — '3Ca dipolar
interaction, dominated by the J(0) term, but its
sensitivity is, for smaller proteins, too low for
quantitative evaluation on a residue-to-residue
basis. However, its use in conjunction with other
relaxation experiments will certainly be evaluated
at a later stage.

Instead, we chose to use the '"CO CSA/
3CO —Ca transverse dipolar cross relaxation
experiment (n$>“°) (Fischer et al., 1997). For
smaller protelns these rates (the “13CO TROSY
effect””) can be obtained readily from sensitive
modified 3D HNCO experiments. However, as
Figure la shows, these rates are, in addition to the
sought-after dynamic parameters, very sensitive to
the variations in orientation of the CSA principal
axes with respect to the COCa bond vector, which
are known to occur from theoretical and experi-
mental work (Markwick and Sattler, 2004; Loth
et al., 2005).

Hence, the CO — Ca cross correlation experi-
ment introduces one additional site-to-site variable,
O. Fortunately, ® can be obtained by using yet
another cross correlation experiment that is
dependent on the same parameters, but which
“looks at” the CSA tensor from a different angle
(Pang and Zuiderweg, 2000). The experiment of
choice is the 'CO CSA/"*CO-'°N transverse
dipolar cross correlation (N2 “ON) (Ghose et al.,
1998). As shown in Figure 1a, the ® dependences of
N5 CON and PO are anti-correlated. Obvi-
ously, and as shown in Figure la, the R?O rate is
independent of the orientation of the CSA tensor.
We elect to not use the transverse cross correlation
rate NSO COHN (Pang and Zuiderweg, 2000) since
we now know that this rate is affected by (unknown)
variations in the *CO-'"H'’N vector orientation
and direction due to dynamical N pyramidalization
(Palmo et al., 2003; Mannfors et al., 2003).

In summary, we propose here to obtain Lipari—
Szabo spectral density function parameters for
dynamical processes on the pico-nano second time
scale for the '*CO nucleus using R{©, ng o
and nSOCON. Together with "N relaxation
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measurements that provide an initial estimate for
the overall t., the experiments can be used to
determine three independent parameters, i.e. Stq,
Tioc and the angle © describing the direction of the
3CO CSA tensor principal axis with respect to
the 3CO-'3Ca vector. Alternatively, the data
could also be used to obtain values of the spec-
tral density functions J(oc),J(2oc) and the
angle ©.

The R$© relaxation rate for proteated proteins
including all terms that contribute 1% or more, is
given by (Fischer et al., 1998b):

RCO 8[<u0)hYCYC:| *{2J(wc_c)+6J(0)(;)

4r rco Ca
(Ho)hYCYC
8| \4n ’CO—Ck

+12J(ocic) }+
k=Ca,Cb,CO

#{2J(wc—c)+6J(oc)+12J(wcc) }

+3 [(iii)wﬂ 2 ) +67(@c)

77 2
+12J(ociN) )+ Z : (2") YCY“]
HN Ha ™ réo

#{2J(on-c)+6J(oc)+12J(on1c)}

- 3l

1=Ha,Hb ’Co HI
+6J((Dc) + 12]((DH+C) }

*{2](0)1-[,(3)

1
18(YCB0) *xAc?

_ 2
o |14 <M> ] «6J(oc) 8)

O11—Oiso

where Ac and oy, are given by

G2 — 033

Ac =0y — 3 - (9)

and

G111 + 022+ O33
3

and where the sum k over the '’C relaxation
partners includes Co(i + 1)(at 2.4A) CB(at 3A)
and CO(i—1) (at 3 A). Protons that contribute to
the '*CO relaxation are HN (i+ 1) (at 2.10 A) and
Ho(i) (at 2.20 A) and HP(/) and Ho(i+ 1) all at
3 A. The latter protons can be replaced by deute-
rons, in which case they do not contribute to the
R, relaxation. CSA relaxation accounts for about

(10)

Giso =

70% of the total while a multitude of dipolar
relaxation processes contribute the other 30%.
However, the dipolar R relaxation is dominated
by the *CO — 3Ca dipolar relaxation, because it
is in turn dominated by the zero quantum term
J(®co-cy), which is numerically indistinguishable
to the J(0) spectral density. Thus, the '*CO relax-
ation can be qualitatively understood in terms of
13CO — B3Ca dipolar relaxation and the *CO CSA
relaxation. For perdeuterated proteins, the domi-
nance of the of *CO — *Ca dipolar relaxation
and the '*CO CSA relaxation is larger.

The transverse 3CO — CSA 3CO — 3Ca dipo-
lar cross correlation rate, n$2€°* for a rhombic
13CO CSA tensor is given by (Goldman, 1984):

nCO.COCa _ (Ho )h@cYcYc
Xy ~ 6\41 rCO Cu

(611—633){4‘]11,(:0701(0)_'_3]11CO sz )}
{Jr(cszz033){4J22,C0Ca(0)+3J22 co— cm( )}}

(11)

where the Lipari—Szabo cross correlation spectral
density functions are given by equation (2), in
which the angles 0%° are between the principal axes
G611 or oy of the CSA tensor of *CO and the
3CO — BCa dipolar interaction vector (see inset
of Figure 5). The angles differ, trivially, by 90
degrees. Similarly, the transverse '*CO-CSA
*CO-""N dipolar cross correlation rate, n§ON
is given by

CO,CON _ ( o)h(ﬂcYcYN
nx} -
e Cco-

(011—633){4J11C0 N(0) 4 3J11.CO-N( )}
{4—(022—633){4J22,C0—N(0)+3J22co )}}

(12)

The interaction angles 079~ relevant to

equation (11) differ from angles 6%“°~N in equa-
tion (12) by the Co—CO-N bond angle of 117 de-
grees since G1; and oy both lie in the peptide
plane.

Figure 1 a, b and ¢ shows the dependency of
the R$© rate and the cross correlation rates on the
different parameters in the equations. It is clearly
seen that the R rate is not sensitive to the angle
0O, (Figure la) but is sensitive to local motion at
the mid-frequency range, predominantly due to
the o, dependency of the CSA auto relaxation



(Figure 1b); the change in rates is 53% over the
range shown. As indicated above, the cross cor-
relation rates n{> O and N> are very
dependent on the angle ©, but are in contrast,
hardly affected by the local correlation time (see
Figure 1b): the rate changes are only 3% over the
range shown. All rates are, of course, dependent
on the order parameter (Figure 1c). However,
while the cross correlation rates decrease monot-
onously with the order parameter S?, the RSO rate
can both decrease or increase with decreasing or-
der parameter, depending whether the local cor-
relation time Ty, is fast or slow with respect to ..
This property is unique, and makes the R rate
determination very valuable for extracting local
order parameters. The explorations of parameter
space thus show that the three measures R{©,
ngXCOe and PO have very different
dependencies on the underlying motional (S* and
Tioc) and structural (®) parameters, which makes
them an ideal choice for the measurement of these
parameters.

Materials and methods
NMR experiments

All experiments were carried out with uniformly
1SN/'3C labeled Chicken Calmodulin (Ca®*-CaM)
obtained from Dr. A. J. Wand (University of
Pennsylvania) and described in detail elsewhere
(Urbauer et al., 1995). The 500 ul NMR sample
contained about 1 mM in 0.02% sodium azide,
100 mM KCI, 5.5 mM total CaCl, concentration,
10 mM imidazole-d4, 90% H,0/10% D,O in
pH 6.5. The NMR experiments were performed on
a Bruker Avance 500 (regular triple resonance
probe) and a Bruker Avance 600 MHz NMR
spectrometer (triple resonance cryo-probe) at 35°C.

N relaxation rate measurements

The spin-lattice relaxation rate '’N-R;, spin-spin
relaxation rate 'N-R, (CPMG) and "N NOE
were measured on Bruker Avance 500 MHz spec-
trometer at 35°C. The sequences used were slightly
modified from those published (Tjandra et al.,
1996). The main difference is that half as many 'H n
pulses as usual are delivered during the '’N CPMG
sequence, allowing a faster repetition rate (4 kHz)
of the "N 7 pulses to better suppress conforma-

85

tional exchange broadening effects (Wang et al.,
2003). The "H carrier was set to the frequency of
the water resonance, and the '°N carrier was set to
118 ppm. Each two-dimensional data set contained
2k x 128 complex points, with spectral widths of
7,002 and 1,562 Hz for the 'H and >N dimensions,
respectively. States-TPPI quadrature detection in
the t; dimension was used. The relaxation delays
were 10, 30, 50, 100, 150, 200, 250, 350, 400, 450
and 500 ms and 6, 12, 24, 35, 59, 70, 94, 118, 130
and 141 ms for Ry and R, respectively. The length
of the proton saturation for NOE measurements
was 4 s. The NOE control experiments were col-
lected with a 4 s recycle delay, and the water
magnetization was kept on +z throughout.

BCO longitudinal relaxation rate measurements
The '*CO T, (R{®) experiment was carried out on a
Bruker Avance 600 MHz instrument at 35°C. The
HNCO-type pulse sequence previously developed
(Zheng et al., 1996) was slightly modified to com-
pletely saturate the water signal at all times though
purge and crusher pulses (see the discussion below).
The experiments were collected as two-dimensional
data sets containing 2k x 40 complex points, with
spectral widths of 12,019 and 1,500 Hz for the 'H
and '*CO dimensions, respectively. The experi-
ments were recorded with 48 scans each, with 11
relaxation delays (80*2, 240, 400, 560, 640*2, 800,
960*2, 1120, and 1280 ms) in 24 h total.

Beo -3¢, cross-correlated relaxation rate
measurements

Transverse CO(CSA)/"”CO — BC, (nS0:cOCx)
and “CO(CSA)/"CO-""N (nCOCON) cross-corre-
lated relaxation rates between '“CO chemical shift
anisotropy and the '*CO-C, or "*CO-'""N
dipolar interaction were measured on a Bruker
Avance 600 MHz instrument at 35°C. Modified
3D HNCO experiments were used without '*C,, or
>N decoupling during a constant-time '*CO evo-
lution time, as illustrated in Figure 2. For cal-
modulin, these simple experiments are nearly twice
as sensitive as the elegant symmetric reconversion
experiments (Loth et al., 2005), since they donot
contain refocussing delays. The CT evolution time,
which doubles as the cross-correlated relaxation
delay, was 54 or 80 ms (N*1/2 Joc,, and N*1/2
Jon respectively). As has been described
previously (Fischer et al., 1997), these experiments
measure purely single-exponential decays of the
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Figure 2. Pulse scheme of the n$>“O* and n{>ON transverse cross-correlated relaxation rate experiments. Narrow and thin bars

represent 90° and 180° pulses, respectively. Unless specified 0therw1se pulse phases are along the x-axis. 'H, "’N, '3CO and '*Cao
carriers are positioned at 4.8, 118, 175 and 55 ppm, respectively. All '*C rectangular 90° and 180° pulses have duratlons of V15/4A and
V3/4A respectively, where A is the difference in Hz between the center of the '*CO and '3Co chemical shift. The half-sinebell shaped
pulse field gradients used are: gl = (40 G/cm, 1 ms), g2 = (30 G/cm, 1 ms), g3 = (60 G/cm, 1 ms), g4 = (50 G/cm, 1 ms), and
g5 = (50 G/cm, 1 ms). The WATERGATE scheme was used to suppress the solvent resonance. In the n¢O0€9¢* experiment,
4T = 54 ms while the two open 180° >N decoupling pulses are issued, but not the two open 180 *Ca pulses. For the nCO "CON
experiment 4T = 80 ms, the two open 180° '3Ca decoupling pulses are issued, but not the two open 180° N pulses. Phase cycle:

ol =X, -x;92 = X, X, - X, - X;P3 = X, X, X, X, =X, =X, =X, =XV, ¥, V.Y, =Y, =Y, =Y, —Y; &4 = X, X, X, X;rec = X, —X, —X, X,
X, =X, —X, X, =X, X, X, =X, —X, X, X, —X. States-TPPI quadrature detection in F1 and F2 is achieved by incrementing ¢2 and ¢4,
respectively. The indirect sampling times were #; = 4 = §; and 7, = 4 * ;.
cross correlated relaxation eigenstates. Each three- We use a home-written FORTRAN-77 pro-
dimensional data set contained 2k x 80 x 28 or gram to extract the '*CO constant-time interfero-
2k x 120 x 28 complex points for 'H, Bc, N, grams from the obtained complex (i, ty*,®3)
with spectral widths of 12,019, 1,500 and 1,824 Hz NMRPipe matrix. Typically, we co-add a block of
for the 'H, '*CO and '°N dimensions, respectively. 5 x5 CO interferograms centered on the HN po-
The '"H carrier was set to the frequency of the sition of the HNCO cross peak to increase signal
water resonance, the '°N carrier was set to to noise and to capture both CO doublet peaks,
118 ppm and the '*CO carrier was set to 176 ppm. which are slightly offset from each other because
Each 3D experiment was recorded with 16 scans of "H®N — 3Ca and "N — *Ca scalar coupling
for a total experimental time of 48 (n$?<9<*) or (E-COSY) effects. For Calmodulin the 3D spec-
72 h (nEO:CON), trum was sufficiently resolved to be able to extract
) 120 '*CO interferograms that contained only a
Fitting the nCO COC ynd nco CON cross correlation single doublet.
rates The intensities of the two doublet components

in the interferograms were obtained with a FOR-
The NMR experiments in Figure 2 yield three TRAN-77 program using a target function con-

dimensional in-phase HNCO cross peaks with taining two (for n{>ON) or three cosines (for
3CO — 3Cy or '*CO-'N doublet structure. The n%o COC) " with frequenc1es and intensities as fit-
3CO evolution, which doubles as the cross cor- ting parameters (Figure 3a). A general inhomo-
relation relaxation period, is constant time. The geneous linebroadening (decay) was included in
time domain data is processed as follows using the fitting and was found to be 0.86 Hz. The
NMRPipe (Delaglio et al., 1995): weighing and program follows a simulated annealing protocol.
Fourier transform (Ft) of the 'H (t3) dimension; Ft A third minor component, restrained to be cen-
of the *CO dimension (t;) without window func- tered between the doublet peaks, was found to be
tions and retaining both the real and imaginary necessary for the best fitting of the n{> <0 data.
transforms; mirror-image linear prediction, This component, which varies between 0 and 10%,
weighing and Ft of the >N dimension (t,); and accounts for partial *CO — 3Ca decoupling,

finally, an inverse Ft of the '*CO dimension. caused by imperfections in the selective '*CO and
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experiment, quality of time domain fitting of the interferogram, and

overlay of the resulting weighed Fourier transformed spectra. The data was extracted out of the 3D HNCO matrix, in which the '*N-
coupled *CO-dimension has been retained in the (complex) time domain (Figure 3a). The fitting was carried out using 2 non-decaying
complex cosines with their intensity and frequency as variables. A general inhomogeneous broadening was fitted as well (panel a, blue:
experimental '*CO-dimension interferogram; red, fitted). While irrelevant for parameter extraction, the resulting experimental and
fitted interferograms were Fourier transformed with identical window functions and overlaid for visual inspection of the quality of the
fit (panel b, blue: experimental '*CO-dimension spectrum; red, fitted).

3Co pulses in the t, time domain. Errors of fit
were estimated using a Monte-Carlo routine.
Typical errors of fit for the amplitudes were 0.5%.
The final fit was further inspected for quality by
comparing the Fourier transformed fit with the
Fourier transform of the extracted experimental
interferogram, using identical window functions,
shown in Figure 3b.

The cross correlation rates n$-c0c

sequently obtained from the equation

1
T.ICO,COCot — L]l’l Igé
Xy 1
27\ Uy

are sub-

(13)

where T'is the constant relaxation time, and I(C:%T and
Ig%l are the intensities of the doublet components as
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obtained from the time-domain fittingprocedure.
Analogous equations hold for n§?€ON.
The errors An in the rate fitting parameters n

were obtained using:

2 2
1 1 1
=t (—mﬁg) +(—qu8:‘;)
a7\ 7
(14)

where AICY and AISY correspond the uncertain-
ties in the intensities of the fitted doublet compo-
nents (typically 1-2%). The R relaxation rate
was fitted from the experimental data using a
single exponential in the program NMR view
(Johnson and Blevins, 1994). The error in the fitted
data was obtained from the program.

Fitting of the relaxation rates to motional
parameters

We wrote a FORTRAN-77 program COMFORD
(CO-Modelfree Fitting Of Relaxation Data) that
fits simultaneously the RO, n$0-COC and nO-CON
relaxation rates. COMFORD uses as additional
input the '*CO isotropic shift and an overall cor-
relation time. Typically, 1, is obtained from "N
relaxation experiments, but can also be obtained
iteratively with the COMFORD program by opti-
mizing the best global fit. In the case of calmodulin,
we obtained a 1, of 6.9 ns for the N-terminal glob-
ular section (1-79) and a t. of 6.5 ns for the C-
terminal globular section (80-148), in agreement
with the values obtained from '°N relaxation (Wang
et al., 2005). The current version of COMFORD
does not yet allow for global anisotropic tumbling.
COMFORD carries out a three-dimensional
grid search for the parameter S%:o over the range
{0.01-1.0} in linear steps of 0.01; Tjoca Over the
range {1 ps to 1./10} in geometric steps of 1.1 and
O over the range {120-200°} in linear steps of 1°.
COMFORD accepts and records as solution any
combination of these parameters for which

where the calculated rates are obtained using
equations (8), (10) and (12) and where the factors o
are the experimental uncertainties. The program
uses o] =245 ppm and o33 =93 ppm, as ob-
tained by (Loth et al., 2005), keeps t. constant, and
computes the values of o, from the isotropic
chemical shift according to equation (1).

For ecach experimental data point {R{™,
Norco_cor Nayco-nt> COMFORD  carries  out

additional grid searches for the six combinations

exp exp exp

{Rl + ORI My cO-Car nxy,CO—N}’
exp . exp exp

{Rl s Nyy.CO—Co T Ony,CO-Cas Ny cO-N },
exp .. exp exp

{Rl s Nyy.cO—Cor» Nyy.cO-N £ Onxy,CO-N },

the twelve combinations

{RTXPv Nrco-ca £ Onwco-caV2,
nfc);fCO—N + any,CofN \/_2_},

{RTXP +or1v?2, ni)fco-Cuv
ni);l?co—N + GT]X}’,CO—N\/E},

exp exp
{Rl + GRl\/i Nxy,cO—Ca + any,C07Co¢\/2~7

exp

Nxy,co-N }a

and the eight combinations {R{"+ oRr1V3,
exp exp
Norco_ca T Onuco-caV3, Mo N One, co-N

V/3}, for a total of 27 searches. All acceptable
solutions (“hits’’) for these searches are tallied in a
three-dimensional histogram of the parameter
Séo, Tiocal and © all with the same ranges and steps
as the search itself.

For each residue, the fitted values of the
parameters Szco, Tiocal and © are read from the
histogram element with the largest number of
“hits”. The reported fitting errors in the parame-
ters SZCO, Tiocal and theta are obtained from the

calc

2
) exp
(R‘ialc _ R?XP) N (nx},‘ycofca - nxy,C07Cu)

2
calc exp
(nxy,CofN - nxy.COfN)

<V3 (15)

2 2
ORr1 any,CO—Coc

2
any,CO—N




histogram elements that have half the largest
number of ‘hits”, on either side of the maximum,
and independently for the three parameters. The
histograms are reset to zero when the program
moves to the next residue.

COMFORD yielded the best convergence at the
known overall rotational correlation times of the
two domains of CaM (6.9 and 6.5 ns, respectively)
and Ubiquitin (4.15 ns) using the distances
dco—cy = 1.50A and dcon = 1.32 A, both within
the limits as observed for these lengths in the high-
resolution X-ray structure of Crambin (1.50-1.55 A
and 1.30-1.35 A respectively, Jelsch et al., 2000).

A complete COMFORD calculation for the 105
residues of calmodulin including error ranges, takes
about 4 hours of CPU time on a 1.25 GHz Macin-
tosh G4 Powerbook. The program has a flag to work
with data from either proteated or per-deuterated
proteins. All FORTRAN-77 source codes quoted are
available from the corresponding author.

Other data

We also fitted the three relevant '*CO relaxation
rates for >N, '*C, ?H labeled ubiquitin at 303 K
from the data provided in the supplementary
materials by (Loth et al.,, 2005). COMFORD
converged best at a correlation time of 4.15 ns,
which is very close to what we have obtained
(3.95 ns) for the same protein from earlier '°N
relaxation studies in our lab (Wang et al., 2003).

Results and discussion

Our group has long promoted the use of '*CO-
relaxation data in order to obtain NMR relaxation
and mobility data on the backbone from other
vectors than just the HN dipolar pair (Zheng
et al., 1996; Fischer et al., 1997, 1998a, b; Pang
et al., 2002) After initial investigations, it became
quite clear that the "*CO relaxation is dependent
on several more parameters than just mobility;
hence, in recent years we have used '*CO relaxa-
tion data to describe only average dynamic
behavior. Recently, the variability of the '*CO
tensor parameters was parameterized (Cisnetti
et al,, 2004; Loth et al., 2005). The *CO CSA
tensor principal values oj; and o33 are constant
within 7%, but the oy, value is highly variable
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from site to site, but can be obtained from
G2, = 30450 — 011 — 033. They also show that the
o1 direction can vary by 17 degrees in the peptide
plane. The only unknown structural parameter
thus is given by the angle © describing the oy,
direction with respect to the COCa axis. Hence, it
now possible to use '*CO relaxation data, and
deconvolute the tensorial and motional compo-
nents associated with equations [8], [10] and [12]
using the program COMFORD.

NMR experimentation

Cross correlated NMR experiments are very
robust, because they measure the difference or ratio
of the relaxation behavior of two relaxation com-
ponents — hence, even if the relaxation rates
themselves may be compromised by conforma-
tional exchange and/or a multitude of mecha-
nisms, the cross correlated rates are reliable. We
use the experiment described in Figure 2 that
yields resolved doublet components rather than a
symmetric reconversion approach (Loth et al.,
2005). The reasons are as follows. Taking each of
the 4 reconversion experiments to represent unit
sensitivity, our experiment has 50% relative sen-
sitivity because it separates the C’X doublet com-
ponents. However, we can run it with 4 times the
number of transients in the same overall experi-
mental time, giving the same overall sensitivity.
With these premises, numerical simulations show
that both experiments yield accurate cross-corre-
lation data, with equal precision given a certain
experimental error (the final error in the computed
cross-correlation rates is about 5 times the error in
the raw data). However, the symmetric reconver-
sions are based on refocussing and development of
the 2C, N, antiphase coherences (59 ms) while the
experiment in Figure 2 is not. For Calmodulin
with t. = 7.0 ns and an average R%, of 10 s™" at
600 MHz, this (re) focusing causes a 45%
sensitivity loss. Overall thus, our doublet experi-
ment contains the cross correlation rates at about
twice the precision per unit experimental time.
However, this gain comes at a cost: the challenge is
to properly quantitate the data. First of all, the
data have to be recorded as a 3D rather than a 2D
dataset in order to cleanly separate the doublet
components. The price is 1/4/2 in sensitivity.
Second, we have found that we can not have
confidence in the amplitudes of the cross correla-
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tion doublets in the frequency domain because the
scalar coupling *CO — 3Ca, and even more, the
13CO-"°N scalar coupling is not large enough to
provide a clean separation of the doublet compo-
nents as compared to the (CSA relaxation domi-
nated) '*CO line width. Hence, we find it much
more reliable to laboriously fit the '*CO (constant)
time domain data. We carry this out with a pro-
gram that fits the amplitudes and frequencies of in-
phase cosines as described in the Materials and
Methods. Figure 3a shows the quality of the time
domain fits against the constant-time interfero-
grams, while Figure 3b demonstrates how well the
experimental and fitted frequency domain data
correspond.

The R$© relaxation data can be obtained
relatively rapidly using the pulse sequence of
(Zhang et al., 1996). For the molecule studied,
Calmodulin, it was sufficient to use a 2D version of
the experiment. To obtain the true R relaxation
rate, one needs to suppress both cross relaxation
and cross correlation effects. Therefore, the R{©
relaxation period must contain '*Ca decoupling
pulses (suppressing both *CO — *Co. NOE and
nEOCOC ¢ross correlation), N m pulses (sup-
pressing nSOCON cross correlation) and 'H =
pulses (suppressing '"H-'*CO NOE). The increas-
ing number of 'H pulses in an increasing R{©
relaxation period will progressively saturate the 'H
magnetization, and the H-O magnetization in
particular. Hence, any attempts to keep the water
signal “up” will progressively fail when the '*CO
relaxation time and number of 'H pulses increase.
This will lead to an artificially fast '*CO relaxation
rate of those '>CO’s that are measured through the
amide protons that exchange fast with solvent.
Hence, we saturate the solvent resonance at all
times (using purge and crusher pulses,) to create a
consistent initial condition to the R$© relaxation
experiment.

Quality of the COMFORD fit

COMFORD obtains, per residue, the best values of
the fitting parameters SZCO, Tiocal and © by carrying
out a grid search. It carries out an estimation of the
propagation of experimental error into the fitted
parameters by fitting 27 combinations of the
experimental data Ry, n$?€°“* and n$>“°N and
their respective experimental uncertainties. In this
way, COMFORD obtains the deepest and widest

range of the fitting parameters SZCO, Tiocal and ©
that correspond to the experimental ranges of
R n$OCOC and n$O-COC This approach obtains
the best ““free energy” fit (the area with most solu-
tions) rather than a best “lowest energy” (the one
best solution) fit. This approach was necessary,
since we observed that the best “lowest energy”
point, obtained from a minimization procedure,
may indeed not correspond with the global free
energy minimum. We like the assurance of the grid
search that the obtained fitted parameters must
correspond to the best solution and that nothing
was missed. Computationally, the grid search pro-
cedure is not much slower than a simulated
annealing approach.

Figure 4(a—d) show the performance of COM-
FORD using calculated input data for a proteated
protein, 1, = 10 nsat 14.6 T (600 MHz 'H), with all
60 combinations of Séo =0.1,0.3,0.5,0.7and 0.9,
Tiocal = 50,658, 1450 and 2030 psand ® = 135,155
and 175 degrees. The input data were modified with
random errors, corresponding to 2% rmse on R,
3% rmse on NP9 and 4% rmse n$Y“ON. The
fits to the input rates, shown in Figure 4a, are
excellent. Figure 4(b—d) show contour plots of
the obtained order parameters, local correlation
times and tensor angles for the 60 cases. One
appreciates that the certain combinations for the
input rates give rise to multiple solutions, especially
for the local correlation times, lesser so for the order
parameters and not for the angles. Strong bifurca-
tion in solutions is observed for a local correlation
time input value of 658 ps, with the majority of the
solutions ending up at 2700 ps. In the other cases,
the majority of the solutions are at, or close to, the
input values. The latter is also the case for the order
parameters. In these cases, the program reports the
parameter with the highest occurrence.

That certain rate input parameters are com-
patible with multiple values of the spectral density
parameters of equation (2) is not a problem unique
to COMFORD. As shown in Figure 5, such
degeneracy is inherent to the mathematical shape
of the Lipari-Szabo function, where two sets of
parameters give rise to indistinguishable spectral
density values over a large range that includes the
13C (and '"N) frequencies of most NMR spec-
trometers. Similar multiple-mimina problems have
been analyzed in conjunction with >N relaxation
experiments (Levy et al., 1981; Andrec et al., 1999;
d’Auvergne and Gooley, 2003). It speaks to the
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Figure 4. Test-fits of COMFORD on computed RS, nS}Q"COC“‘ and nSP'CON input, with t. = 10 ns at 14.6 T (600 MHz "H), with 60
combinations of 2o = 0.1, 0.3, 0.5, 0.7 and 0.9, Tiocal = 50, 658, 1450 and 2030 ps and 6 = 135, 155 and 175 degrees. The input data
were modified with random errors, corresponding to 2% rmse on R{, 3% rmse on nSOCOC and 4% rmse nSP*CON. Panel a. The input
and fitted n¢9€9¢* are in closed blue and open red circles respectively. The input and fitted R$© are in closed blue and open red squares
respectively. The input and fitted nSP’CON are in closed blue and open red diamonds respectively. Panel b. Contour plot of the S,
solutions to the computed input (case numbers). For instance, for each of the 60 values S%O, Tlocal and 0, 27 fits are computed
corresponding to the input rates + /- the input errors, as described above. For each of these, the program tracks and stores every grid
search point for which the error of fit is satisfied (see equation (15)). The number of “hits” in the Séo contour plot varies between 0 and
730 per grid point. The horizontal yellow lines separate cases with different input order parameters, from 0.1, 0.3, 0.5, 0.7 and 0.9, from
bottom to top. The vertical yellow lines indicate the target values. Panel c. Contour plot of the Tjo, solutions to the computed input (case
numbers). The number of “hits” in the Tj,c, contour plot varies between 0 and 700 per grid point. The horizontal yellow lines separate
cases with different input parameters, from Tjoca1 = 50, 658, 1450 and 2030 ps, from bottom to top. The vertical yellow lines indicate the
target values. Panel d. Contour plot of the 0; solutions to the computed input (case numbers). The number of “hits” in the 0, contour
plot varies between 0 and 900 per grid point. The horizontal yellow lines separate cases with different input parameters, from 6 = 135,
155 and 175 degrees, from bottom to top. The vertical yellow lines indicate the target values.

quality of the COMFORD grid search algorithm as a standard output. It is recommended that they
that such bifurcations are indeed obtained. are checked for bifurcations before the Lipari—
COMFORD does provide for these contour plots Szabo parameters are reported.
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Figure 5. Plots of the Lipari-Szabo spectral density function for the values 1. = 10 ns, Tjocal = 658 ps and S = 0.80 (green) and
T. = 10 18, Tjpea = 2700 ps and S*> = 0.40 (red). The '*C frequency at 14.6 T (600 MHz 'H) is indicated with a vertical line.

Figure 6a shows the raw relaxation rates for
residues 1-80 Calmodulin and their fitting using
our program COMFORD that optimizes the tar-
get function given in equation (15). The quality of
the fit is excellent: of the 56 residues for which
complete data was available, 47 converged to
within the value X = /3 or better (see Table 1).
We find that good fits can onl/y be obtained with
the values of oy; and O33 as reported from the
literature, dcoca of 1.50 A, and values of 7. as
found from '°N relaxation experiments. Change of
any of these parameters results in significantly
worse fits (not shown).

We proceeded by asking whether convergence
can also be obtained when one of three parameters
is kept fixed. When © is kept constant at the
average value found for the normal fit, a value of
154° (corresponding to an angle B between the oy
axis and the C’N bond of 37°) we can fit only 26
out of 56 residues, while the quality of the fit for
these residues is much worse, (Table 1). Hence, the

computation strongly supports that © cannot be
constant, and varies from residue to residue. In
contrast, fixing the value for o5, does not affect the
fitting procedure much, if at all (not shown).

Next, we questioned whether the variation in
the raw relaxation rates data could be fitted by
variations of the angle ® and Tty only, while
keeping the order parameter constant (at an
average 0.76). The results of this try are not
good either (Table 1). Neither is the fit when the
local correlation time Ty, is kept fixed at the
average value of 510 ps found from the complete
fit, an extreme fast time of 52 ps or at the
maximum allowed value of 690 ps (see Table 1).
The latter fit (or rather, lack thereof) is shown in
Figure 6b.

The combined results of fixing the order
parameter and local correlation time are thus
unsatisfactory, and demonstrate clearly that the
3CO relaxation data on calmodulin contains dy-
namic information.

»

Figure 6. Quality of the COMFORD fit versus the experimental relaxation data of residues 1-80 of Ca®*-saturated Calmoduli?l
(600 MHz). For all panels, the experimental and fitted nS?‘COC“ are in blue and red circles respectively. The experimental and fitted
R$O are in blue and red squares respectively. The experimental and fitted nS}Q'CON are in blue and red diamonds respectively. The values
611 = 245 ppm, and 633 = 93 ppm for the '*CO CSA and 1. = 6.9 ns are the same in each panel. The values of 6, were obtained from
G2 = Giso * 3 — 011 — 033 a) The fit versus the experimental relaxation data optimizing Séo, Tioc and the angle © between the Bco
CSA tensor principal axis 61; and the CO — Co bond vector. b) The fit versus the experimental relaxation data optimizing S2, and ©
when using a constant value for Tiocat 0f 690 ps. ¢) The fit versus the experimental relaxation data optimizing Séo, Tioc and the distance
13CO — 3Ca in the range 1.50-1.55 A, when using a constant angle © of 154 degrees.
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Table 1. Statistics of fitting the experimental relaxation data of calmodulin residues 1-80 using different parameters and variables

S> O (degree) Tioea (ps) T (ns)  Number conv®.

R, % error of fit® NEXCOC % error of fit SO ON % error of fit

var  var var 6.9 47/56 1.0
0.76  var var 6.9 30/56 0.6
var 154 var 6.9 26/56 0.9
var  var 52 6.9 1/56 -

var  var 690 6.9 40/56 1.6
var  dCOCaof var 6.9 35/56 1.2
var var var 6.9/6.5% 100/104 1.2
var® var var 4.15 62/64 14

2.8 4.6
5.4 7.0
5.8 7.8
4.5 5.5
4.8 8.2
3.1 3.5
1.6 7.6

The fixed parameters in rows 2-5 (in italics) correspond to the averages found for the unrestrained fitting (row 1). “The number of
converged residues divided by the number for of residues for which complete data was available. "The % fit is defined as the average of

VAESENIT x 100. “The angle © was kept at 154 degrees, while the distance COCa was varied between 1.50 and 1.55 A 91, was 6.9 ns

for residues 1-80, 6.5 ns for residues 81-148. “Results for the data of ubiquitin (see text).

As a final critical test, we also investigated
whether the data can be fitted with S2, 1,0 and
another  variable, — namely  the  distance
BCO — BCa, bracketed between 1.50 and 1.55 A.
This range corresponds to the range seen in the
ultra-high resolution (0.54 A) X-ray structure of
Crambin at 77°K (Jelsch et al., 2000). Figure 6¢
and Table 1 show that the data cannot be fitted by
these three parameters nearly as well as by using a
variable theta (see also Table 1).

In summary, the accuracy simulations strongly
indicate, that good fits can only be obtained with
reasonable values of o), o33 and t.. Change of
any of these parameters results in significantly
worse fits. The fitting strongly indicates that the
three parameters S%, Tjoc and © vary from residue
to residue. Keeping any of these fixed cannot
generate a decent fit either. Neither can the choice
of another fitting variable, for instance, the dis-
tance COCa. Hence, the >CO relaxation data are
affected by S% T1oc and O, and fitting with them is
necessary and sufficient.

What do the fitted parameters mean?

The different '>CO relaxation rates R$©,
n$Y O and P CON used herein report on the

global and local motions of different magnetic
relaxation vectors. As in classical Model Free
theory, the global motion should be (nearly)
isotropic for the theory to be valid (Lipari and
Szabo, 1982a). The local motions may or may not
be isotropic. In the latter, more common case, the
local motions affecting the different magnetic

vectors contributing to the '*CO relaxation must,
at least in principle, be described by different
order parameters.

In the following, we describe the dependency of
the different relaxation mechanisms on rotational
fluctuations around three imaginary axes: follow-
ing (Bremi and Bruschweiler, 1997) we define the
vector linking the two Co atoms adjacent to the
peptide plane as the rotational axis as vy, a vector
perpendicular to the peptide plane as B, and a
vector perpendicular to y and B as a. As is seen in
Figure 7, o, B and 7y are nearly parallel to the
627, BCO-CSA and NH dipolar relaxation vec-
tors, the o33 PCO-CSA relaxation vector and the
BCO — 3Ca dipolar and o, BCO-CSA relaxa-
tion vectors, respectively.

In large molecules, the dipolar component of
the RO relaxation is completely dominated by
BCO — 3Ca relaxation, mostly due to the fact
that the latter is in turn dominated by J(0). Hence,
the dipolar R{© relaxation is only sensitive to
fluctuations around axes perpendicular to the
BCO — BCo direction, ie. axial fluctuations
around o and B. This behavior is plotted in
Figure 7 which was computed using equations (2)
to (7). Details of these and the following compu-
tations are given in the Supplementary Material.

The RSO relaxation of the non-axially sym-
metric *CO CSA will be most efficient upon mo-
tions in which the “largest” (c;) and “‘smallest”
(033) axes are fully interchanged with respect to
the external field, i.e. a motion around oy, or an
“o” motion. Like the dipolar R{© relaxation, y
motions are not very effective.
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Figure 7. Computations of the dependence of different relaxation mechanisms upon local fluctuations around the different axes o, B
and vy of the peptide plane as defined in the insets. Parameters used: t. = 6.9 ns, Tjocal = 0, 611 = 270, 62, = 165 and o33 = 84 ppm,
By = 11.76 Tesla. See the supplemental materials for more information.

The n{>C0“ cross correlated relaxation,
dependent on similar terms as the CSA R${©
relaxation, shows a similar dependence on the
axial fluctuations as the CSA R$© as is demon-
strated in Figure 7.

The n{?“ON is seen in Figure 7 to be domi-
nated by motions around the o axis, with § and vy
being relatively inefficient.

Hence, all (major) relaxation mechanisms
contributing to the effective “order parameter”
S2, to which COMFORD fits the three relaxation
rates, have in common that they are most sensitive
to fluctuations about o, and least sensitive to
motions about vy, the so-called crankshaft motion
(Fadel et al., 1995) (see Figure 7).

These predictions were put to the test as fol-
lows. We computed relaxation rates for varying
amounts of pure alpha, beta or gamma local
motions at a range of time scales, using the ori-
entational-dependent order parameters listed in
the Appendix. Subsequently, we fitted the rates
back with COMFORD and compared the effective
COMFORD 8%, with the input order parameters
Silpha, Sheta and Séamma. The results in Figure 8(a—
c) respectively, show, indeed, that effective Szco
follows Sﬁlpha quite closely, while it hardly detects
the decrease in Spe, Or Sﬁamma. Figure 8d shows
how well COMFORD fits to the timescale (tjoc) of

pure o motion. The combined tests in Figure 8
thus confirm the predictions of Figure 7, and
establish the effective COMFORD S%, with the
effective tjoc, as reliable measure of the amount
and timescale of a-type fluctuations contained in
the local motion.

In contrast, the commonly measured relaxation
of the NH vector is, obviously, insensitive to mo-
tions about o, being parallel to that bond direc-
tion, while most sensitive to fluctuations about
and y both perpendicular to that bond direction
(not shown). Consequently, when comparing
conventional S%;; order parameters with the
effective S%, order parameter, the following
guidelines hold: when for a region S%;; is smaller
than the median value < S%,; >, while S2, is equal
to < Séo >, y-type motions are implied; when for
a region S%,, is equal to <S3%;, >, while S2 is
smaller than < Séo >, o-type motions are implied;
when for a particular region both S%;; is smaller
than < Sy >, and SZ is smaller than <S%, >,
isotropic local motions are implied.

The above argumentation is valid only if the
peptide plane, and all of its connected vectors, is
planar and rigid. This is certainly correct for
vectors involving the atoms Ca(i), C(i), O(i) and
N(@+ 1). However, there is both experimental and
theoretical evidence that the NH bond vector can
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deviate significantly from the peptide plane
through nitrogen pyramidalization (statically up
to 11 degrees; Ulmer et al., 2003; dynamically up
to 30 degrees Palmo et al., 2003; Mannfors et al.,
2003). Consequently, the motions of the '*CO
and NH relaxation vectors are not strictly corre-
lated. In this respect, the '*CO relaxation para-
digm may actually give better insight in the
peptide backbone dynamics than the NH vector
dynamics.

Comparison with NH dynamics

Calmodulin

Our studies were carried out with the small protein
Calmodulin (16 kDa). The protein consists of two
EF hand domains, residues 1-77 and 82-148,
respectively. The two domains are connected by a
flexible linker between the residues 77-81 and the
overall structure is best described as two (almost)

(pure alpha motion) (blue), with Sﬁlpha = 0.70.

independently diffusing EF hand domains con-
nected by a string. For this study we assume that
the domains diffuse isotropically, with a correla-
tion time of 6.9 ns for the N-terminal, and 6.5 ns
for the C-terminal domain, as was determined
from '"N relaxation experiments as well as by
optimization of fitting the '*CO experiments.
Figure 9 presents the raw and fitted relaxation
data for all residues of Calmodulin. The fits are seen
to be excellent. Figure 10(a, b) compare the fitted
BCO relaxation parameter SZ, with the related
parameters for the '°N relaxation. The comparison
of both measures of dynamics yields more corre-
spondences than differences. For instance, both
methods detect flexibility in the central linker be-
tween the two domains (residues 77-81), and the
motions of the N and C-terminus. Salient differ-
ences are seen for residues 85-91 and 115-135.
Here, the S3;; parameters fluctuate around the
average values (0.85) while the S%O parameters are
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Figure 9. Fitting of the relaxation rates of all residues of Ca®"

-saturated Calmodulin (600 MHz). The fitting took into account that

residues 1-80 are best described with t. = 6.9 ns, while residues 81-148 are best characterized with t. = 6.5 ns. Other parameters were
G611 = 245 ppm, and o33 = 93 ppm for the '*CO CSA. The experimental and fitted nco “COC% are in blue and red circles respectively.

The experimental and fitted Rf© are in blue and red squares respectively. The exper1mental and fitted ny,

CO.CON are in blue and red

diamonds respectively. Error bars are shown for the experimental data only.

significantly lower than their mean value. Hence,
these regions indicate the presence of anisotropic
motions of the a-type.

Ubiquitin

A COMFORD analysis was carried out on the
relaxation data available for ubiquitin from the
supplementary materials presented by (Loth et al.,
2005). By optimization of the fitting, we obtained a
1. of 4.15 ns (303 K) in good agreement with liter-
ature data. Figure 11 presents the raw and fitted
relaxation data. The fits are seen to be excellent (see
also Table 1), but this could only be achieved by
doubling the reported experimental uncertainties;
with the quoted experimental errors we could only
fit 34 residues. In Figure 12(a, b), we compare the
fitted '*CO relaxation parameters SZ, with
the related parameters for the '°N relaxation. The
latter were obtained from earlier work on Ubiquitin
in our lab (Wang et al., 2003). Here, both measures
of dynamics yield almost identical profiles.

Order parameter magnitude
In addition to the local differences and corre-

spondences described above, there are significant
qualitative differences between S%, and Sk, for

Calmodulin, for Ubiquitin, and between them. For
Calmodulin, <S%y>¢ 145 =0.74 is significantly
smaller than <S3; > 145 = 0.81 (Figure 10a, b).
Surprisingly, we find the exact opposite for
ubiquitin: <SZ, > 463 = 0.95 is significantly lar-
ger than <S%;,>5_7; = 0.82 (Figure 12a, b). Ini-
tially we considered that the difference should be
ascribed to the fact that <SZ,> (Figure 12a;
Loth et al., 2005 data, our analysis) and < S3;; >
(Figure 12b; Wang et al., 2003 data, our analysis)
were derived from different protein preparations in
different labs. To investigate the difference, we also
computed an approximate order parameter S
for ubiquitin from the available RN, '"H > PN
NOE and n}y! data (no RY™ data was given,
Loth et al., 2005) using an in-house written pro-
gram. That profile is shown in Figure 12c. It is
apparent that Figure 12(b, ¢) correspond closely
(< S%\IH >s_ 71 = 0.82 for both) so that we conclude
that the difference between the average order
parameters in Figure 12(a—c) is genuine.

Timescale of the local motions
For calmodulin, we obtain a <10 > of 550 ps

which is substantially larger than the < i > of
60 ps (see Figure 10c). There is nothing in relaxa-
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Figure 10. Comparison of the fitted '*CO and "N NH Lipari-Szabo parameters for Ca®" saturated calmodulin. a) The fitted SZo
order parameters, in green the averages of the calculations, in red the peak values with errors (see explanation at Figure 4). b) the
conventional S%,H order parameters (Mandel et al., 1995). ¢) The fitted tjocy associated with the S%O parameters are in red circles; the
Tiocal @ssociated with the Slz\lH parameters are in blue squares. d) The secondary structure (helices) is indicated with yellow boxes.

tion theory that makes the '*CO — 3Co vector
intrinsically more sensitive to slower motions than
the NH vector. Hence, the differences suggest that
there are real differences in the time scales of the
motions that are detected by the different relaxation
mechanisms. Remarkably, the tCQ, rather faithfully
traces the Calmodulin secondary structure: the rates
are typically slow in helices and fast in the loops.

These trends are also visible for the thi & but

interestingly, there the local correlation time in-
creases when approaching the break in the central
helix. It would be reasonable to expect that the NH
vector in helices mostly monitors fast motions of the
hydrogen atom in the combined forcefield of va-
lences and hydrogen bonding, whereas the
3CO — 3Ca vectors report on slower motions of
heavier molecular fragments. In loops, the motional
freedom of both vectors becomes comparable.
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Figure 11. Fitting of the relaxation rates of human ubiquitin at 303 K. The data were obtained from the supplementary material
provided by (Loth et al., 2005). The fitting converged best with a value of T, = 4.15 ns, o1, = 245 ppm, and o33 = 93 ppm. The value

of 63, was obtained from o7, = oj50 * 3 — 1] — 033. The experimental and fitted n
experimental and fitted R{© are in blue and red squares respectively. The experimental and fitted 1

respectively.

For ubiquitin, we find a <10, > of 500 ps

which is also substantially larger than the <t >
of 42 ps (see Figure 12c). It seems significant that
the best fit of fourteen relaxation experiments for
ubiquitin (Loth et al., 2005), requires slow (400 ps)
fluctuations of the peptide plane about the a-axis,

in complete agreement with our findings.
3CO CSA tensor orientation

The COMFORD fitting of the angle © of the oy
axis of the '>CO CSA tensor with respect to the
COCa bond vector, yields an average of 153.8
degrees for Calmodulin and 154.6 for ubiquitin
(the angle B of the o, axis with respect to the
CON bond vector is 36.8 and 37.6 degrees
respectively). These values are very close to the
average value of 154.43 degrees as obtained for
ubiquitin by (Loth et al., 2004) and the average
found from DFT calculations (Marckwick and
Sattler, 2004).

Figure 13 shows the variations in the angle ©
for both proteins. The spread of values is larger for
calmodulin (rmsd = 8.8°) than for ubiquitin
(rmsd = 4.8°), which, in turn, is larger than the
spread in angles as obtained by the (Loth et al.,

S?‘COC“ are in blue and red circles respectively. The

COCON are in blue and red diamonds

2005) analysis of the 14 cross and auto-correlation
rates (rmsd 3.25°). COMFORD fitting yields out-
liers (® > 170 degrees and © < 140 degrees), both
in Calmodulin and ubiquitin, that are not seen in
the (Loth et al., 2005) analysis. The outliers occur
in areas with extremely low order parameters. At
present, we can not be certain whether these out-
liers are the consequence of an unfortunate S*/©
parameter interaction in the fitting procedure or if
they are the consequence of the extreme dynamics
yielding exceptional (dynamically averaged)
atomic parameters.

The tensor angles obtained by COMFORD
from the data of Loth et al (2005) do correlate
with those reported by the (Loth et al., 2005)
analysis. However, as the correlation plot in
Figure 13c shows, the slope of the correlation line
departs strongly from unity. These issues require
more investigation.

Conclusion

The COMFORD program achieves excellent fits
to the composite experimental NMR relaxation

data  R{O,n{PCO and n{PON  of both
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Figure 12. Comparison of the fitted '*CO and "N NH Lipari-Szabo parameters for human ubiquitin. (a) The S, order parameters
extracted with COMFORD from the R{©, nff)fcoc“ and nSP'CON data available from (Loth et al., 2005). In green are the averages of
the calculations, in red the peak values with errors (see explanation at Figure 4). (b) the conventional S%; order parameters extracted
with MODELFREE (Mandel et al., 1995) from the RE_\IH, RTI‘IH and '"H — "N NOE data available from (Wang et al., 2003). (c)
approximate S order parameters extracted with in-house written code from the RN, '"H — "N NOE and n};™! data available
from (Loth et al., 2005) (no R'z\lH data was given) d) The fitted Tjoca; associated with the Séo parameters are in red circles; the Tjocal

associated with the Sk;; parameters (from MODELFREE) are in blue circles.

Calmodulin and Ubiquitin, when a minimum of around the perpendicular NH axis. Both are
three variables, Sz, Tioc and © are used with rea- sensitive to fluctuations around an axis perpen-
sonable ranges and when sensible choices for dicular to the peptide plane and to composite local
atomic parameters and CSA-tensor values are motions. These different sensitivities can be used to
made. The resulting fitted variables Séo, Tloc and © distinguish motional models for the protein back-
fall in ranges that are reasonable. Detailed analysis bone. The fitting with COMFORD suggest that
shows interesting differences between the '*CO local motions in areas of secondary structure de-
and "°N relaxation paradigms: the composite *CO tected by the '*CO vector are slower than those
relaxation is particularly insensitive to fluctuations seen by the NH vector. The time scale of local
around the crank-shaft motion axis, while the NH motions in flexible loop areas as detected by both
relaxation is particularly insensitive to fluctuations methods are similar.

»
Figure 13. The fitted angles © for the orientation of the '>*CO CSA tensor principal axis o;; with respect to the CO — Ca bond vectorr
for (a) Ca®" saturated Calmodulin and (b) human ubiquitin. In (b) the © values extracted from the data of (Loth et al., 2005) using
COMFORD (red circles) are compared with the values as presented by (Loth et al., 2005) with their isotropic model (blue squares).
Panel ¢ shows the correlation of the results in b; the data can be fitted by linear regression with y = 0.51x + 76, with a R> of 0.59.
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