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Superslow backbone dynamics of the protein barstar and the
olypeptide polyglycine was studied by means of a solid-state
AS 1D exchange NMR method (time-reverse ODESSA) that can

etect reorientation of nuclei carrying anisotropic chemical shift
ensors. Experiments were performed on carbonyl 13C in polygly-
ine (natural abundance) and backbone 15N nuclei in uniformly
5N-enriched barstar within a wide range of temperatures in dry
nd wet powders for both samples. Two exchange processes were
bserved in the experiments: molecular reorientation and spin
iffusion. Experimental conditions that are necessary to separate
hese two processes are discussed on a quantitative level. It was
evealed that the wet protein undergoes molecular motion in the
illisecond range of correlation times, whereas in dry protein and

olyglycine molecular reorientations could not be detected. The
orrelation time of the motion in the wet barstar at room temper-
ture is 50–100 ms; the activation energy is about 80 kJ/mol.
reviously, protein motions with such a long correlation time
ould be observed only by methods detecting chemical exchange in
olution (e.g., hydrogen exchange). The application of solid-state

AS exchange spectroscopy provides new opportunities in study-
ng slow biomolecular dynamics that is important for the biolog-
cal function of proteins. © 1999 Academic Press

Key Words: protein dynamics; exchange NMR; spin diffusion;
arstar; polyglycine.

INTRODUCTION

NMR relaxation is presently the most powerful and in
ative tool for studying protein dynamics. During the p
ecade the most impressive achievements in this field
sed multidimensional heteronuclear NMR spectroscop
olution; see, for example, Refs. (1–5). The number of work
ealing with solid-state studies is much smaller, prima
ecause of the lack of spectral resolution and hence selec
f the dynamic information. However, solid-state experim
nable one to investigate the complete range of correl

imes of the internal protein dynamics down to the millis
nd–second range, whereas the solution NMR relaxation
rovide information only about fast motions having correla

imes shorter than that of the Brownian tumbling as a wh
244090-7807/99 $30.00
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his is so because the isotropic Brownian tumbling overlap
lower protein motions, and thus the latter could not be
ected in a liquid state relaxation experiment. In addition,
ell known that solution NMR techniques are not applica

or heavy (.50 kDa) and membrane proteins.
It has been shown by a variety of methods that inte

rotein dynamics spans a very wide range of frequen
nfortunately, by using measurements of standard re
tion parametersT1, T2, T1r, or T1d, even in the solid sta
ne may obtain information only about molecular moti

n the pico-, nano-, and microsecond range of correla
imes, and slower protein motions are not accessible by
f those techniques (6 –12). On the other hand, it is intu

tively clear that slow and large-scale protein dynamics
e important for protein function and thus, studying i
ery interesting from the biological point of view. For th
ther NMR techniques are necessary.
Solid-state exchange NMR spectroscopy is just one o
ethods that enable study of very slow molecular mot

13). It can detect reorientations of magnetic nuclei carry
nisotropic chemical shift tensors. In proteins, backbone n
ens and carbonyl carbons are very convenient for perfor
xchange experiments because unlike the side-chain a

hose types of nuclei have rather anisotropic chemical
ensors. It is commonly believed that the upper limit of
orrelation times of the molecular motions that can be stu
y use of this method is the value ofT1 which can be of th
rder of tens of seconds in solids. Thus, this kind of experim
epresents a unique possibility for studying superslow mo
lar dynamics.
It is well known that many proteins reveal internal fle

bility on a slow time scale. For instance, it was shown
n barstar (this protein is being studied in the present w

significant number of residues undergo slow confor
ional exchange (14). However, up to now the informatio
bout slow internal protein motions could be only obtai
ith the help of methods detecting chemical exchang
olution, such as hydrogen exchange, aromatic ring flipT2

hortening,T vs B field dependence, and some oth
1r 1
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245SUPERSLOW PROTEIN DYNAMICS
15–18). Yet these methods are able to define the frequ
nd activation energy of slow protein motions at best,
tudying the amplitude or molecular models of the motio
uch more complicated, if possible at all, in compari
ith the relaxation NMR techniques.
Unlike the case in solution, in the solid state the chem

hift anisotropy is not averaged out by the fast Brown
umbling, and that is why solid state exchange experim
ermit investigation of both frequency and amplitude par
ters on a more detailed level. In spite of this, to our knowle
xchange NMR spectroscopy was not applied for protein
amics investigations so far. The main reason for this mig

he low signal/noise ratio and long experimental time neces
or performing two-dimensional exchange experiments
easonable quality. Recently, one-dimensional modificatio
he exchange experiment have become available. The
ecent one, so-called time-reverse ODESSA (19), provides the
ame dynamic information as 2D MAS exchange experim
ut reduces the experimental time by at least one ord
agnitude. This paper presents first results of the applic
f one-dimensional exchange techniques for studying pr
ackbone dynamics in the solid state.
In this work we performed the NMR experiments o

niformly enriched protein, and thus we could characte
he protein by averaged parameters only. From the poi
iew of studying the specific protein, using selective la
ng would be of course more interesting, but the lo
ignal-to-noise ratio that we would get with selective la
ng would not allow us to perform the extensive set

easurements at different temperatures and mois
ithin a reasonable time. In addition, preparing the se

ively labeled protein is much more complex and ti
onsuming. Our main goal was to define whether the
xchange method can detect slow molecular motion in

eins at all, and if so, to determine the parameters of
otion and the optimal experimental conditions for its

estigation. After these questions are answered, addit
echniques should be applied to obtain high-resolution N
pectra; this will be a subject for future studies.

EXPERIMENTAL

amples

In the present work two samples were studied—na
bundance polyglycine and totally15N enriched protein barsta
olyglycine (Mw 5000–10,000) was purchased from Sig
nd used without additional purification. According to
pectroscopy data, the polyglycine was primarily inb-shee
onformation.
Barstar is the 89-residue polypeptide inhibitor of RN

rom Bacillus amyloliquenfaciens.The same organism pr
uces extracellular endoribonuclease barnase. Barstar int
cy
t

s
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ith barnase with a dissociation constant of 23 10214 M and
nhibits its lethal RNase activity inside the cell. The interac
etween barstar and barnase is known as one of the faste

ightest protein–protein interactions. We selected barsta
ur experiments for two reasons. First, the biochemical p
rties and spatial structure of this protein are well kn
20–23). Second, barstar can serve as a very convenient m
ystem for studying interconnection of protein dynamics
nterprotein interactions in future studies. However, we m
dmit that for this work, at the present stage of our inves

ions, the protein used was not a critical issue.
To prepare 15N labeled barstar we used the laborat
ethod of overexpression in the pET system that was wo
ut by one of the authors (A.S.). The T7 RNA polymer
ystem is one of the most widely used for bacterially expre
roteins (24, 25). In this system the gene encoding the pro
f interest is placed under the control of the T7 promo
hich is recognized as a translation start site by the R
olymerase from phage T7 but not by the RNA polymeras
ost Escherichia coli.The gene encoding the barstar w
laced behind a T7 RNA polymerase promoter in pGEME
Promega, USA) plasmid vector that also confers ampic
esistance (26). The pGEMEX-1 vector was used to transfo
L21(DE3) cells that carry the gene for T7 RNA polymer
nder an IPTG-inducible promoter.
Colonies were grown overnight in LB broth containing
g/L ampicillin at 37°C (27). The cells were grown on a
minimal medium (27) with [ 15N]ammonium chloride (20
g/L) as the only nitrogen source. The cell pellet w

esuspended in buffer A: 50 mM Tris-HCl with 1 m
henylmethanesulfonyl fluoride, 2 mM dithiothreitol, 1 m
odium azide, pH 8.0. The solution was sonicated
entrifuged in a K-24 (20 min, 9000 rpm). The prote
n the supernatant were precipitated with 40 – 80% am
ium sulfate. The fraction of 80% ammonium sulfate w
entrifuged (K-24, 30 min, 10,000 rpm) and the pellet
issolved in a minimal volume of buffer A. The resulti
olution was loaded on a Pharmacia Sephadex G-75 co
nd eluted at a flow rate of 0.2 ml/min using the same

er. Column fractions were combined for an ion-excha
tep using a Pharmacia Mono-Q 10/10 column eq
rated in 50 mM Tris-HCl, pH 8 (23). The resulting peak o

abeled 15N-barstar was a single band when analyzed
DS–PAGE. The protein was lyophilized and stored
20°C. The amount of the sample used in the present
as 65 mg.
For experiments we used dry and wet powders. The firs
as dried under vacuum at room temperature during one
he wet samples (0.2 g H2O per g of dry protein/polypeptid
ere prepared in a vacuum exsicator. Amount of water in
amples was defined gravimetrically.
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MR Experiments

MAS experiments were performed using a INOVA400 sp
rometer and a VARIAN 7mm VT-CPMAS probe, operating
00.55 MHz for13C and 40.51 MHz for15N, respectively. Bot
AS spinning rate and temperature were controlled by

pectrometer; their stability was better than 1 Hz and 1
espectively. Typical length ofp/2 pulses was about 5ms both
or 13C and 15N experiments. Constant amplitude cross-po
zation was applied with the frequency 50 kHz for both ty
f nuclei under conditionsv1H 5 v13C andv1H 5 v15N. Contac

imes were 0.5–1.5 ms. Repetition times were 1–8 s depe
n the sample and temperature. The experiments were

ormed within a wide range of temperatures. At each tem
ture,T1 and MAS exchange (time reverse ODESSA) dec
ere measured. Time-reverse ODESSA experiments wer

ormed as described in detail in Ref. (19). This experiment i
1D-exchange experiment based on the rotor-synchronize
AS exchange experiment as described in Ref. (28): after

ross-polarization, a delay of half of a rotor cycle (TR/2)
ollows. A p/2 pulse takes the magnetization into thez direc-
ion, where during a rotor-synchronized mixing timetm 5
N 2 1

2) z TR, the exchange (either molecular reorientation
pin exchange, see below) is allowed to take place. A finap/2
ulse takes the magnetization back to thex–y-plane, where
fter another delay ofTR/2, the FID is recorded under CW1H
ecoupling at 75 kHz. Proper phase cycling was applie
chieve the correct combination of the sine and the co
xperiments as well as to suppress axial magnetization

heory of the method with emphasis on our experimen
ecalled briefly in the next section. Longitudinal relaxat
imesT1 were measured according to the method propose
. Torchia (29). Chemical shifts were defined in respec
lycine for 13C (43 and 176.1 ppm) and nitromethane CH3NO2

or 15N (0 ppm).

THEORY

In the time-reverse ODESSA experiment the informa
bout the dynamic process can be extracted from the inten
f the spinning sidebands depending on mixing timetm

ODESSA decay):

I N~tm! 5 O
i , j

Pij~tm! z O
M

~21! M1NI ij
MN. [1]

ij (tm) is the probability of finding a nucleus at timetm at site
when it was at sitei at time 0.I ij

MN are the 2D MAS subspect
or the exchange between sitei andj (M,N are the numbers o
pinning sidebands in the two dimensions;M 5 N 5 0
orresponds to the isotropic line). For alli and j it is always
rue thatI ij 5 I ji . Although Pij (tm) contains the informatio
bout the time scale of the dynamic process and the pathw
-
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he exchange (see below),I ij
MN carries the information about t

eometrical model of the dynamics, i.e., jump angles
umber of sites. The latter depends on the CSA tensor
ents, the MAS spin rate, and the Euler angles defining
utual orientation of the CSA tensors at the exchanging s
nd it must be calculated numerically (19, 28). Actually, the
xchange process can be caused by molecular reorien
MR) of a nucleus having an anisotropic chemical shift ten
r by spin exchange (SE) between different nuclei (comm

ermed spin diffusion; here we imply no difference betw
pin exchange and spin diffusion), or by both. In the first
itesi andj (Eq. [1]) correspond to different orientations of
ame nuclei, and in the second case these sites corresp
ifferent nuclei.
Pij (tm) can be calculated by solving (30)

Pij~tm! 5 ~eK ztm! ij z Pj~0!. [2]

is the exchange matrix with elementskij (kij is the proba
ility of a nucleus changing from sitej to site i ) andPj(0) is

he equilibrium populations of the exchanging sites. Assum
simple symmetric two-site exchange process with a s

ump ratek between the sites (Fig. 1, top), a site populatio
(0) 5 1

2, and a spin–lattice relaxation timeT1 being equal fo
oth sites, the exchange matrixK can be written as

K 5 12k 2
1

T1

k

k 2k 2
1

T1

2 . [3]

FIG. 1. Two- and four-site models of the exchange. In the latter case
and 2 belong to the first nucleus, and sites 3 and 4 belong to the secon
xchange between sites 1 and 2 is the result of the molecular reorientat
ell as the exchange between sites 3 and 4. The exchange pathways ma
ashed arrows correspond to the spin exchange between two nuclei.
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olving [2], one easily obtains

Pij~tm! 5
1

4
e2~tm/T1! S 1 1 e22ktm 1 2 e22ktm

1 2 e22ktm 1 1 e22ktmD , [4]

esulting in the ODESSA decay

N~tm!

I N~0!
5 @1 2 Pex~1 2 e2~tm/tex!!# z e2~tm/T1! I N~0! 5 I 11

N ;

Pex 5
I 11

N 2 I 12
N

2I 11
N ; I ij

N 5 O
M

~21! M1N z I ij
MN; tex 5

1

2k
. [5]

quation [5] directly emphasizes the relative amplitudePex

f the dynamic process on the overall ODESSA decay
e will call “exchange decay.” The parameterPex has a
ertain connection with the order parameterS2 that is widely
sed in NMR relaxation data analysis using the so-ca
odel-free approach (31). In the case of molecular reorie

ation, both these parameters are measures of a mo
mplitude, but they do not give information about the mo
f the motion. BothS2 andPex have in common that to defin

he angle amplitude of the motion, one must first choo
odel for that motion. However,S2 depends on geometric
arameters only, characterized by topology of the mole
ynamics, whereasPex is a spectral parameter of the 2D MA
xchange experiment that is determined by the topology o
ynamics as well as by NMR parameters, namely the C

ensor elements and the MAS-spinning frequency. Thus

ight argue thatPex depends onS2 plus additional NMR
arameters. However, the exact relation between them is
licated (although in principle known), and the calculation
e done only numerically. In turn, recalculating theS2 from the
xperimentally obtainedPex might be possible; however, it
ot yet clear whether this will lead to unambiguous res

K 5 1
22kSE 2 kMR 2

1

T1

kMR

kMR 22kSE 2 kMR 2

kSE kSE

kSE kSE
at

d

nal
l

a

ar

e
-

ne

m-
n

.

onsequently, we decided to use the well-definedPex for
haracterizing the relative amplitude of the molecular reo
ation.

In simple molecules, the nature of the process might be ob
nd only the exact jump angle is unknown. In these cases, de
eometrical information of the process can be obtained from
xperimentally accessible parameterPex. However, in more com
licated systems, where neither the number of exchanging
or any information about the type of the process is available
an only estimate the range at which the geometrical param
for example, jump angles) are compatible with the experim
esult, as we will discuss below.

Equation [5] holds both for molecular reorientation and
pin exchange between two sites. In real systems, both
esses might be present simultaneously. In cases whe
eometry of the SE cannot be distinguished from that o
R by the NMR experiment, i.e., the SE happens betwee

ame sites as the MR, and the SE between more remote s
egligible, Eq. [5] still holds, but with a modified jump rat

k 5 kMR 1 kSE, [6]

here kMR and kSE are the molecular reorientation and s
xchange rates, respectively.
However, in general case the geometry of the SE and

rocesses might be different. The simplest example th
elevant for our case is the SE occurring between neighb
uclei that undergo MR, as shown in Fig. 1 (bottom). In
ase the exchange matrix becomes

or the small-amplitude molecular reorientation, it can
ssumed thatI 13 5 I 14 5 I 23 5 I 24. Also, for simplicity we
ssume that the amplitude and type of the molecular reo

ation is the same for both nuclei, meaning thatI 12 5 I 34. In
his case the normalized ODESSA decay of the line intensi

becomes

kSE kSE

kSE kSE

22kSE 2 kMR 2
1

T1

kMR

kMR 22kSE 2 kMR 2
1

T1

2 . [7]
1

T1
m
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N~tm!

I N~0!

5 @1 2 Pex1~1 2 e2~tm/tex1!! 2 Pex2~1 2 e2~tm/tex2!!# z e2~tm/T1!

I N~0! 5 I 11
N ; Pex1 5

I 11
N 2 I 12

N

2I 11
N ;

Pex2 5
I 11

N 1 I 12
N 2 2I 13

N

4I 11
N ;

tex1 5
1

2~kMR 1 kSE!
; tex2 5

1

4kSE
. [8]

ote thatkMR must depend on temperature whilekSE does not
hus providing an opportunity to separate MR from SE.
bvious from Eq. [8] that the molecular reorientation can
etected by the exchange experiment if and only ifkMR . kSE.
therwise, one would see only the SE and there would b

emperature dependence of the exchange decay compon
In general, because of the many-body nature of the

xchange and its strong dependence on the distance be
he exchanging nuclei, the ODESSA decay due to spin
hange must be described by a multiexponential rather th
single exponential decay (32, 33). However, the analytica

xpression for the exchange decay in this case would b
omplicated and the exchange decay can be simulated
umerically, as presented below.

RESULTS AND DISCUSSION

nalysis of the Shape of the Exchange Decays

In Figs. 2 and 3, CP/MAS spectra of dry barstar (15N) and
olyglycine (13C) are shown, respectively. Since the rela
mplitude of the exchange component of the decay in M
xchange experiments strongly depends on the intensity
ideband lines, it is desirable to get sideband lines as hi
ossible. Hence, one has to spin a sample rather slowly. O
ther hand, slow spinning reduces the signal-to-noise rat

he isotropic line. Thus, finding an optimal value of MAS r
s an important issue for the exchange experiments. Fig
epresents the15N spectrum of barstar at 2 and 5 kHz MA
ates. The isotropic peak at about2261 ppm corresponds to t
ackbone nitrogens. In addition, there are two weak pea
309 and2348 ppm corresponding to the side-chain nitrog

ontained in His, Arg, Lys, Gln, Asn, and Trp. The 5 k
pinning provides a good signal-to-noise ratio and separ
f all lines of the spectrum. However, the amplitude of
ideband lines is rather low, and we could not perform
ccurate analysis of the short component of the exchange
t this MAS rate. Spinning at 2 kHz reduces the signal-to-n
atio and leads to the sideband and one of the side-chain
verlapping at2309 ppm. However, in this case the relat
s
e

no
ts.
in
een
x-
by

oo
nly

S
he
as

the
of

2

at
s

on

n
cay
e
es

mplitude of the exchange component of the decay is m
igher, which permits more accurate treatment of the ex
ent. The natural-abundance13C spectrum of polyglycine con

ains only two lines corresponding to carbonyl CAO and CH2

arbons. Spinning at 3 kHz seems to be optimal for the ex
ment. In both13C and15N experiments we analyzed the dec
f the heights of the isotropic lines corresponding to carb
arbons and backbone nitrogens, respectively, since they
igher amplitudes in respect to the sideband lines.
We also attempted to perform the exchange experimen

atural-abundance13C nuclei in barstar. However, because
he wider lines in the protein, the signal-to-noise ratio was
oor to allow smooth decays to be obtained within the rea
ble time limits. Figures 2 and 3 clearly demonstrate that
ackbone nitrogens and carbonyl carbons have rather ani
ic chemical shift tensors that enable to perform exch
xperiments. Unfortunately, side-chain atoms have less
nisotropy of chemical shift tensors, and using them for
ind of experiments is practically impossible.
In Fig. 4, typical 13C and 15N exchange andT1 decays ar

hown. The comparison of these two types of the experi
nambiguously tells us about an exchange process due

FIG. 2. 15N CP/MAS spectra of the totally enriched barstar. MAS ra
Hz (bottom), 5 kHz (top). Room temperature, proton decoupling field 70
enotations: SC, lines corresponding to side chain nitrogens; SSB, sp
idebands.
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trong component of the exchange decays having a corre
ime shorter thanT1. To define whether this process is an
r MR or a combination of both, one needs to perform
xchange measurements at different temperatures. Specia

ion should be paid to the initial part of the decays, since acco
o Eq. [8], the variation of the correlation time of the molec
eorientation can be detected only if it is shorter thankSE

21.
In Figs. 5 and 6 the normalized15N exchange decays in w

nd dry barstar at various temperatures are shown. In ord
ompare the exchange decays measured at different tem
ures for dry and wet sample directly, they were divided by
xperimentally obtainedT1 decays. From Fig. 4 it can be se

hat theT1 decay is very close to an exponential. Howe
ore accurate analysis revealed a small deviation of the s
f the T1 decay from an exponential. Although it was not
rincipal importance, we approximated allT1 decays as biex
onentials, and that approximation was used while dividing
xchange decays. In this way we eliminated the influenc

he dependence ofT1 on temperature and humidity of t
ample, and thus the exchange decays measured at di
onditions can be compared directly.
From Fig. 5 it can be seen that at higher temperaturesT .

8C) the initial part of the exchange decays strongly dep
n temperature, while at mixing times longer than 0.5 s
ecays overlap (Fig. 5, left). On the other hand, at lo

emperatures there is no temperature dependence of th
hange decays in the wet sample at all (Fig. 5, right). S
ehavior is in complete correspondence with Eq. [8]: In the
rotein there are two exchange processes—MR and S

FIG. 3. 13C natural abundance CP/MAS spectrum of polyglycine. R
emperature, MAS rate 3 kHz, proton decoupling field 70 kHz.
ion

e
ten-
g

r

to
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e
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At

. 08C, kMR . kSE is valid, and thus one may observe
emperature dependence of the exchange decays. At
emperatureskMR becomes less thankSE; hence, the shape of t
xchange decays is defined by spin exchange only (Eq.
nd no temperature dependence is detectable.
As shown from Fig. 6, there is no detectable tempera

ependence of the exchange decays in the dry protein
emperature ranges. That means either the correlation tim
he molecular motion is too slow so that at all temperatureskMR

kSE is valid, or the amplitude of the molecular motion in
ry protein becomes too little so that it cannot be seen in
xperiment. Our data do not provide the possibility of mak
n unambiguous choice between these two options; how

he latter seems to us more reasonable since we do not ob
ny changes within a very wide range of temperatures.
Exchange decays in polyglycine samples are shown in F

n this case we did not divide them by longitudinal relaxa
ecays, sinceT1 of carbonyl carbons in polyglycine is very lo
about 100–150 s) and practically does not depend on tempe
nd humidity of the sample. It is shown that within the exp
ental error both dry and wet samples do not reveal any tem
ture dependence. That means that the exchange process

FIG. 4. Typical examples of the exchange (circles) andT1 (triangles)
ecays in dry barstar (solid symbols) and wet polyglycine (open symbo
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olyglycine is solely due to the spin diffusion. A certain differe
etween dry and wet samples observed at longer mixing
Fig. 7) can be ascribed, as we believe, to the slightly diffe
acking density of the polypeptide chain: in wet polyglyc
ater molecules are located between the peptide chains a
verage distance between13C nuclei slightly increases. Since the s
iffusion rate is proportional to 1/r 6 (see below), this slows down t
pin diffusion process in the wet sample, as seen in Fig. 7.
Thus, from the qualitative analysis of the exchange de

ne may conclude that in both samples at all conditions
s a strong component of the decays caused by spin diffu

olecular reorientation is seen only in the wet protein at h
emperatures. These two exchange processes are an
uantitatively in the next sections.

pin Exchange (Diffusion)

As mentioned above, the shape of the spin diffusion dec
efined by the distribution of internuclear distances in
olecule. We made an attempt to calculate the shape of th15N

pin diffusion decay in barstar proceeding from the sp
tructure of the protein. It is well known that the exchange
etween two nuclei is inversely proportional to the sixth po
f the distance between them. Thus, we assume that the
ition probability between two15N nuclei is

kij 5
A

r ij
6 , [9]

FIG. 5. 15N exchange decays divided byT1 decays (which were measu
ong-mixing-time parts of the exchange decays are not shown because
omponent obtained by biexponential approximation of the150°C exchang
es
nt
,
the

ys
re
n.
h
zed

is
e

l
te
r
an-

hereA is a fitting parameter. It depends on a set of param
f the spin system (32) that are not knowna priori.
To calculate the exchange decay using Eq. [1], we ne

now the 2D MAS exchange line intensityI ij
MN values. As

entioned in the Theory section,I ij
MN depends on MAS rat

iagonal CSA tensor elementss xx, s yy, s zz, and Euler angle
, b, g, defining the relative orientation of sitei with respec

o site j . The MAS rate is a known parameter (2 kHz for15N
xperiments); the tensor elements can be found from the
and line intensities of the CP/MAS spectrum using the H

eld–Berger procedure (34). We found parameterss xx, s yy, s zz

o be 108,230, 278 ppm and assumed identical CSA tens
or all nitrogens. The Euler angles can be computed from
nown spatial structure of barstar (Brookhaven Protein
ank file 1BTA, (23)). Although it does not provide inform

ion about the chemical shift tensor of nitrogen nuclei, there
iterature data on the orientation of the tensor axes with re
o the chemical bonds (35). According to this work, we or
nted thex axis of the tensor along the N–C bond (where
carbonyl carbon of an antecedent aminoacid residue);y

xis was chosen to be perpendicular to the C–N–Ca plane, and
rientation of thez axis is self-evident. It should be noted t
e do not even need the absolute orientation of the te
ecause of the powder averaging, we just need to know

wo neighboring15N nuclei tensors are oriented with respec
ach other, and it does not matter how these tensor
riented with respect to the molecular frame, as long a

separately by the Torchia method) for wet barstar at different temperat
the relatively shortT1 in the wet sample. The solid lines on the left plot are the
ecay at mixing times from 20 ms to 8 s.
red
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e d
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251SUPERSLOW PROTEIN DYNAMICS
ssume the same orientation of the CSA tensors in the m
lar frame for all nitrogens.
The calculation was done for 88 residues (the first res

itrogen was not taken into account) using the procedure g
n Ref. (28). Actually, only the decay of the isotropic lin
0-order spinning sideband,N 5 0) was calculated to b
ompared with the experiment; however, because of the
ver M in Eq. [1], calculation was done forM running from
3 to 13, covering all sidebands of reasonable intensity.
The probabilitiesPij (tm) were obtained from the numeric

olution of Eq. [2] for the case of the 88-site spin excha
herekij were assumed to be in the form of Eq. [9]. Inter
lear distancesr ij were also obtained from the PDB file
arstar. Then, inserting obtained values ofI ij

MN andPij (tm) at
ifferent mixing times into Eq. [1], we obtained the s
iffusion exchange decay. Variation of the parameterA (Eq.

9]) results only in compressing or stretching of the excha
ecay on the lineartm axis.
The simulated curve together with the experimental exch

ecays divided byT1 decays, as described above, are presen
ig. 8. By varying the parameterA we tried to make the simulate
c-

e
en

m

,
-

e

ge
in

nd experimental decays coincide. However, as shown, the s
f these decays are slightly different, and it is not possib
btain exact coincidence. We believe that this is primarily
esult of the oversimplified assumptions that were made fo
alculation: first of all, the identity of the CSA tensor elements
ll nitrogens and neglecting the isotropic chemical shift di
nces between them. Spin diffusion between backbone
idechain nitrogens was not considered. We also neglecte
ffects of molecular motion, i.e., we took only the averaged C

ensor orientations for all nitrogens. In the real protein, the nu
f sites involved in the SE is substantially greater than 88 bec

he sites accessible by the MR must also be considered. Tak
his into account would definitely change the shape of the
iffusion exchange decay.
From the best fitting of the simulated and experime

urves (Fig. 8) we estimated the parameterA (Eq. [9]). It has
value of 100–150 Å6 s21. The distance between the neig

oring backbone nitrogens in the polypeptide chain is abo
. From this using Eq. [9], it is very easy to estimate that
pin exchange rate between neighboring nitrogens in the
ein is about 0.2 s21.

Spin diffusion between natural-abundance13C nuclei in poly-

FIG. 7. 13C natural-abundance exchange decays in dry and wet po
ine.
FIG. 6. 15N exchange decays divided byT1 decays for dry and wet bars
t various temperatures.
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252 KRUSHELNITSKY ET AL.
lycine has a more complicated picture. Because of the irre
istribution of13C among12C nuclei, the distribution ofkSE values

s much wider than in the15N case. For the exchange experim
ot only does spin diffusion between carbonyl carbons matte
oes that between carbonyl and any other carbons. First of a
s estimate the largestkSE value in this distribution. That can b
one on the basis of the calculations performed for15N spin
iffusion in barstar. The largestkSE value corresponds to the13C
uclei pair separated by the shortest possible distance, i.e

ength of one covalent bond, which is about 1 Å. SincekSE is
roportional tog4/r6 (32), proceeding from thekSE value obtaine

or the 15N neighbors (see above) one may estimate tha
ighestkSE value is about 5000 s21. Such a high value means th

he exchange process due to the spin diffusion should be obs
n the exchange experiment even at mixing times around 1 m
ourse, the share of closely spaced13C nuclei in the total numbe
f 13C pairs is very low, and so is the relative amplitude of
orresponding component of the exchange decay. However
mplitude motions give little exchange decays as well; hence
ill have problems in separating them.
On the other hand, we may very roughly estimate the a

FIG. 8. 15N exchange decays of dry and wet (below 0° C) barstar, div
y T1 decays (circles). The solid line is the theoretical exchange decay d

he spin diffusion calculated from the known spatial structure of the pr
see details in the text).
lar

,
so
let

the

e

ved
Of

e
w-
ne

r-

ge distance between13C nuclei from the average value of t
arbon density in biopolymers (about 1 atom per 20–50 c
ngstroms) and natural abundance of13C nuclei (1.1%). Thes
pproximate calculations give the average distance bet

13C nuclei of the order of 10 Å. Recalling again thatkSE is
roportional to 1/r 6, one may estimate thatkSE values for
atural-abundance13C nuclei span from 1023–1022 to 103–104

21. Indeed, in Fig. 7 one may see a slope of the exch
ecays starting from the very short mixing times. Absenc

he temperature dependence of the initial part of the de
onfirms that it is just the spin diffusion.
These rough estimations demonstrate that exchange e
ents on natural-abundance13C nuclei are a rather unsuitab

ool for studying low-amplitude molecular motions in orga
olymers. Although the existence of the molecular reorie

ion can be detected qualitatively by temperature variatio
he initial part of the exchange decays, correctly obtainin
requency and amplitude parameters is a very difficult t
ince there will be a complex mixture of MR and SE proce
n all time scales of the exchange measurements.

olecular Reorientation

The main goal of the present study is obtaining the in
ation on the superslow backbone motion in our sample

s clear from the considerations presented above, this info
ion is contained only in the initial part of the exchange dec
n the wet barstar at high temperatures (Fig. 5, left). Thus
eed to define the parameters of the shortest component
xchange decays that is attributed to the MR process. S

wo- or three-exponential decomposition of the exchange
ays may lead to a quantitatively wrong result, since the
iffusion component, as we already know, has a nonexpo

ial form. Besides, one may expect that the MR component
as a nonexponential form, since different domains of
rotein globule may have different internal mobility and we
ot yet able to separate them in the spectrum.
To extract the MR component we used the following pro

ure. As seen from Fig. 5, atT 5 1508C the MR component
ignificant only at mixing times shorter than 20 ms, wherea
onger mixing times, the shape of the exchange decay is de

ainly by SE process. This can be concluded from the exis
f the quasi-plateau that is observed between 20- and 10
ixing times at this temperature. This plateau means that th

omponent has already decayed and the SE component m
tarts to decay at these mixing times. Then, we approximate
xchange decay atT 5 1508C from 20 ms to 8 s by abiexpo-
ential function and extrapolated this function to the sho
ixing times. In this way we obtained the SE component th

hown by the solid line in the left plot of Fig. 5.
Of course, this procedure is somewhat arbitrary. The m

orrect way to obtain the SE component would be to mea
he exchange decays at higher temperatures so that th

d
to

in
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253SUPERSLOW PROTEIN DYNAMICS
omponent would be too short to be seen in the experime
ll. We tried to perform the experiments at165 and180°C;
owever, after that the results at lower temperatures wer
eproducible (whereas after heating up to150°C the reproduc
bility was good). This most probably means that at h
emperatures the protein was denatured. Thus, we extract
E component from the150°C exchange decay as descri
reviously. We believe that for the first approximation anal
f the exchange data this is a suitable assumption.
After the SE component was obtained, it was subtra

rom the exchange decays atT 5 150, 137, and125°C. The
R component obtained in this way is shown in Fig. 9.
xpected, the decays obviously have a nonexponential
or the quantitative analysis the decays were approxim
sing the so-called stretched exponential function

A~tm! 5 exp(2(tm/tMR)b), [10]

heret is the correlation time of the molecular reorien

FIG. 9. MR component of the exchange decays in wet barstar at125,
37, and150°C. The solid lines are the stretched exponential fitting cu
MR
at

ot

the

s

d

m.
ed

ion, andb is the phenomenological distribution width para
ter varying from 0 to 1. (The lessb, the wider the distributio
f the correlation times.) From fitting the MR components,
btainedtm and b for three temperatures. The tempera
ependence oftm and the activation energy of the MR proc
re shown in Fig. 10. As for the parameterb, it was found to
e 0.46 0.2 at temperatures125 and137°C. AtT 5 1508C,

t was practically undefined because of the lack of experim
oints in the decay.
Another important parameter of the MR process is the

tive amplitude of the MR component of the exchange de
ts value in wet barstar was found to be 0.13 (Fig. 5, left)
entioned above, the parameterPex1 (Eq. [8]) is a measure o

he amplitude of molecular motion. Though the exact mo
lar model of the slow motion in the protein is not known, fr
ex1 one may estimate the minimal angle amplitude of
otion using the simplest two-site model. This model assu

hat the chemical shift tensor can accept only two equal
lation orientations (sites). Then the relative amplitude of
xchange component of the decay can be obtained usin

5] or [8]. Values of the tensor elementss xx, s yy, s zz of
ackbone nitrogens were given above. The three Euler a

hat are necessary for computingI 11 andI 12 cannot be define
rom one experimental parameterPex; however, the minima
ossible angle amplitude can be estimated if we assume

wo sites are the result of the rotation of the tensor aroun

FIG. 10. Temperature dependence of the correlation time of the
omponent. Dashed line is the best-fit Arrhenius dependence.
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254 KRUSHELNITSKY ET AL.
hortest (in absolute value) axis. In this case the two lon
xes, having opposite signs, change their orientation. In
ay the chemical shift of the nuclei is being changed in m
ffective way, and thus a minimum angle transformation o

ensor is required to achieve the experimental value ofPex1.
he samePex1 can be obtained from other kinds of ten

ransformations, including shortest axis reorientation, bu
ngle amplitude in this case should be obviously highe
chieve the same value ofPex1. This is illustrated in Fig. 11
herePex is represented as a function of the angle of chem
hift tensor rotation around three axes for the two-site mo
ssuming rotation around the shortest axis and taking
xperimental value ofPex1, we estimated the minimal ang
mplitude of the motion. The result is 17° (Fig. 11). Note

his value is the averaged one and some parts of the p
ackbone may have even higher amplitudes.
The detected slow correlation time and the relatively h

ngular amplitude and activation energy of the slow mo
uggest that we observed infrequent large amplitude ju
etween different protein subconformations rather than o

ations within one energy minimum. It is important that
otion observed in the wet protein is not seen in dry pro
nd polyglycine, which reveals specificity of this motion to
tructure of the biopolymer and humidity level. All the ch
cteristics of the backbone motion obtained above look
imilar to the parameters of the slow protein dynamics
ave been observed earlier by means of hydrogen exchan

FIG. 11. Relative amplitude of the MR component as a function of
ngle of chemical shift tensor rotation around an axis for the two-site m
Eqs. [5] and [8]) for15N experiments. Three curves correspond to rota
round the shortest (upper), intermediate (middle), and longest (lower)
ashed line corresponds to the experimental value ofPex1. The minimum
ossible amplitude for the two-site model is marked by an arrow.
st
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romatic ring-flip methods in solution (15). However, the ad
antage of the solid-state exchange method is that it en
ne to observe the molecular reorientations directly an
efine both its frequency and its amplitude parameters.
On the other hand, we must certainly admit that the

btained in the present work are not yet enough to a
efinite and cogent conclusions about molecular models o
low motion. That will be possible, we believe, in futu
tudies on selectively labeled proteins. This would en
eparate characterization of different domains of the pr
lobule, and in addition less abundant nuclei would make
iffusion effects negligible, significantly increasing the ra
f the correlation times of the molecular reorientation that
e observed in the experiment. Our results demonstrate th
pplication of solid-state MAS exchange spectroscopy is

nitely a step forward in investigation of slow protein dynam
n a more detailed molecular level.

CONCLUSIONS

This work has primarily methodology significance. For
rst time, solid-state MAS exchange NMR spectroscopy
pplied to studying superslow biopolymer dynamics, and
esult, the molecular motion of the protein backbone in
illisecond range of correlation times was detected. It
emonstrated that, since spin diffusion can significantly
lude obtaining information on molecular dynamics, spe
are should be taken for optimal choice of the time scale
emperature ranges of the exchange experiments. It was s
hat the molecular motion has a specificity to the type of
olypeptide structure and humidity level that indirectly in
ates the biological relevance of this motion. Most proba
his is the type of protein conformational dynamics that
een observed before by chemical exchange methods in

ion. However, unlike these methods, the solid-state exch
xperiment enables direct investigation of frequency and
litude parameters of the molecular dynamics. We hope

uture studies using this method will bring a deeper un
tanding of the nature and properties of the slow dynamics
ts role in the biological function of proteins.
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