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Superslow backbone dynamics of the protein barstar and the
polypeptide polyglycine was studied by means of a solid-state
MAS 1D exchange NMR method (time-reverse ODESSA) that can
detect reorientation of nuclei carrying anisotropic chemical shift
tensors. Experiments were performed on carbonyl “C in polygly-
cine (natural abundance) and backbone N nuclei in uniformly
N-enriched barstar within a wide range of temperatures in dry
and wet powders for both samples. Two exchange processes were
observed in the experiments: molecular reorientation and spin
diffusion. Experimental conditions that are necessary to separate
these two processes are discussed on a quantitative level. It was
revealed that the wet protein undergoes molecular motion in the
millisecond range of correlation times, whereas in dry protein and
polyglycine molecular reorientations could not be detected. The
correlation time of the motion in the wet barstar at room temper-
ature is 50-100 ms; the activation energy is about 80 kJ/mol.
Previously, protein motions with such a long correlation time
could be observed only by methods detecting chemical exchange in
solution (e.g., hydrogen exchange). The application of solid-state
MAS exchange spectroscopy provides new opportunities in study-
ing slow biomolecular dynamics that is important for the biolog-
ical function of proteins. © 1999 Academic Press

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

INTRODUCTION

This is so because the isotropic Brownian tumbling overlaps
slower protein motions, and thus the latter could not be d
tected in a liquid state relaxation experiment. In addition, it i
well known that solution NMR techniques are not applicabl
for heavy (=50 kDa) and membrane proteins.

It has been shown by a variety of methods that intern
protein dynamics spans a very wide range of frequencie
Unfortunately, by using measurements of standard rela
ation parameter§,, T,, T,,, or T,4 even in the solid state
one may obtain information only about molecular motion
in the pico-, nano-, and microsecond range of correlatic
times, and slower protein motions are not accessible by u
of those techniques6¢12. On the other hand, it is intu-
itively clear that slow and large-scale protein dynamics ce
be important for protein function and thus, studying it i
very interesting from the biological point of view. For this,
other NMR techniques are necessary.

Solid-state exchange NMR spectroscopy is just one of tl
methods that enable study of very slow molecular motior
(13). It can detect reorientations of magnetic nuclei carryin
anisotropic chemical shift tensors. In proteins, backbone nitr
gens and carbonyl carbons are very convenient for performi
exchange experiments because unlike the side-chain atol
those types of nuclei have rather anisotropic chemical sh
tensors. It is commonly believed that the upper limit of th
correlation times of the molecular motions that can be studi

NMR relaxation is presently the most powerful and inforby use of this method is the value ®f which can be of the

mative tool for studying protein dynamics. During the pasirder of tens of seconds in solids. Thus, this kind of experime
decade the most impressive achievements in this field haegresents a unique possibility for studying superslow mole
used multidimensional heteronuclear NMR spectroscopy lfiar dynamics.

solution; see, for example, Refd—®). The number of works It is well known that many proteins reveal internal flex-
dealing with solid-state studies is much smaller, primarilpility on a slow time scale. For instance, it was shown the
because of the lack of spectral resolution and hence selectivitybarstar (this protein is being studied in the present worl
of the dynamic information. However, solid-state experimengs significant number of residues undergo slow conform:
enable one to investigate the complete range of correlatibanal exchangel4). However, up to now the information
times of the internal protein dynamics down to the millise@bout slow internal protein motions could be only obtaine
ond-second range, whereas the solution NMR relaxation datiéh the help of methods detecting chemical exchange

provide information only about fast motions having correlatiogolution, such as hydrogen exchange, aromatic ring flips,

times shorter than that of the Brownian tumbling as a wholshortening,T,, vs B, field dependence, and some other
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(15-18. Yet these methods are able to define the frequenafth barnase with a dissociation constant 0k210™** M and
and activation energy of slow protein motions at best, binthibits its lethal RNase activity inside the cell. The interactio
studying the amplitude or molecular models of the motion Isetween barstar and barnase is known as one of the fastest
much more complicated, if possible at all, in comparisofightest protein—protein interactions. We selected barstar f
with the relaxation NMR techniques. our experiments for two reasons. First, the biochemical pro
Unlike the case in solution, in the solid state the chemicakhijes and spatial structure of this protein are well know
shift anisotropy is not averaged out by the fast Browniapo_23. Second, barstar can serve as a very convenient mo
tumbling, and that is why solid state exchange experimenigstem for studying interconnection of protein dynamics ar
permit investigation of both frequency and amplitude paranierprotein interactions in future studies. However, we mu
eters on a more detailed level. In spite of this, to our knowledg@mit that for this work, at the present stage of our investig

exchange NMR spectroscopy was not applied for protein ons, the protein used was not a critical issue.

namics investigations so far. The main reason for this might 1o prepare*N labeled barstar we used the laborator

o e o e oo 5 of overoression  h pET st ht s wor
P g 9 P t by one of the authors (A.S.). The T7 RNA polymeras

reasonable quality. Recently, one-dimensional modificationsc())Lft . fth t widel d for bacteriall
the exchange experiment have become available. The most o1 1S On€ ot the most widely used for bacterially express

recent one, so-called time-reverse ODESS8)(provides the POt€INs @4, 29. In this system the gene encoding the protei
same dynamic information as 2D MAS exchange experimerftl intérest is placed under the control of the T7 promote
but reduces the experimental time by at least one order ‘RiCh is recognized as a translation start site by the RN
magnitude. This paper presents first results of the applicatiBflymerase from phage T7 but not by the RNA polymerase
of one-dimensional exchange techniques for studying protdlst Escherichia coli. The gene encoding the barstar wa:
backbone dynamics in the solid state. placed behind a T7 RNA polymerase promoter in pPGEMEX-
In this work we performed the NMR experiments on &Promega, USA) plasmid vector that also confers ampicilli
uniformly enriched protein, and thus we could characterizesistanced6). The pPGEMEX-1 vector was used to transform
the protein by averaged parameters only. From the point BE21(DE3) cells that carry the gene for T7 RNA polymeras
view of studying the specific protein, using selective labelinder an IPTG-inducible promoter.
ing would be of course more interesting, but the lower Colonies were grown overnight in LB broth containing 5(
signal-to-noise ratio that we would get with selective labemg/L ampicillin at 37°C 27). The cells were grown on a M
ing would not allow us to perform the extensive set o minimal medium 27) with [**NJammonium chloride (200
measurements at different temperatures and moistuifg/L) as the only nitrogen source. The cell pellet wa
within a reasonable time. In addition, preparing the selegesuspended in buffer A: 50 mM Tris-HCI with 1 mM
tively labeled protein is much more complex and timghenylmethanesulfonyl fluoride, 2 mM dithiothreitol, 1 mM
consuming. Our main goal was to define whether the 1&Qdium azide, pH 8.0. The solution was sonicated ar
ex_change methoq can detect sloyv molecular motion in Pr@entrifuged in a K-24 (20 min, 9000 rpm). The protein:
teins at all, and if so, to determine the parameters of thi$ \he supernatant were precipitated with 40—80% amm
motion and the optimal experimental conditions for its ing; - sulfate. The fraction of 80% ammonium sulfate wa

vestigation. After these questions are answered, additior&%lntrifuged (K-24, 30 min, 10,000 rpm) and the pellet wa
technigues should be applied to obtain high-resolution NMﬁssolved in a minimal volume of buffer A. The resulting

spectra; this will be a subject for future studies. solution was loaded on a Pharmacia Sephadex G-75 colul
and eluted at a flow rate of 0.2 ml/min using the same bu
EXPERIMENTAL fer. Column fractions were combined for an ion-exchang
step using a Pharmacia Mono-Q 10/10 column equil
Samples brated in 50 mM Tris-HCI, pH 823). The resulting peak of

In the present work two samples were studied—naturgoeled “N-barstar was a single band when analyzed L
abundance polyglycine and totafiN enriched protein barstar. SDS-PAGE. The protein was lyophilized and stored :
Polyglycine M, 5000—10,000) was purchased from Sigm§20°C- The amount of the sample used in the present wo
and used without additional purification. According to IRWas 65 mg.
spectroscopy data, the polyglycine was primarilyArsheet For experiments we used dry and wet powders. The first o
conformation. was dried under vacuum at room temperature during one d:

Barstar is the 89-residue polypeptide inhibitor of RNasEhe wet samples (0.2 g per g of dry protein/polypeptide)
from Bacillus amyloliqguenfaciensThe same organism pro-were prepared in a vacuum exsicator. Amount of water in tt
duces extracellular endoribonuclease barnase. Barstar interaataples was defined gravimetrically.
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NMR Experiments 1@
MAS experiments were performed using a INOVA400 spec-

trometer and a VARIAN 7mm VT-CPMAS probe, operating at k

100.55 MHz for**C and 40.51 MHz for°N, respectively. Both

MAS spinning rate and temperature were controlled by the 2@
spectrometer; their stability was better than 1 Hz and 1 K,

respectively. Typical length of/2 pulses was about s both

for **C and™N experiments. Constant amplitude cross-polar-

ization was applied with the frequency 50 kHz for both types

of nuclei under conditions,; = w;3c andw,y = w5, Contact kg

times were 0.5-1.5 ms. Repetition times were 1-8 s depending | @ € » @3
on the sample and temperature. The experiments were per- | " T

formed within a wide range of temperatures. At each temper- Ky ____'-'—"*1‘3.;_ Ky
ature, T, and MAS exchange (time reverse ODESSA) decays ~ y .~ "™

were measured. Time-reverse ODESSA experiments were per- 2@ € > @ 4

formed as described ,m detail in Reld. This eXpe“men_t 'S FIG.1. Two- and four-site models of the exchange. In the latter case sit
a 1D-exchange eXpe”ment based on the rOtPr'SynChron'zed 25Ad 2 belong to the first nucleus, and sites 3 and 4 belong to the second.
MAS exchange experiment as described in R&B):(after exchange between sites 1 and 2 is the result of the molecular reorientation
cross-polarization, a delay of half of a rotor cycl&g(2) wellas the exchange between sites 3 and 4. The exchange pathways marke
follows. A 7/2 pulse takes the magnetization into thdirec- dashed arrows correspond to the spin exchange between two nuclei.
tion, where during a rotor-synchronized mixing timg =

(N — %) - Tr, the exchange (either molecular reorientation or . _ ) )

spin exchange, see below) is allowed to take place. A fit2l the exchange (see below" carries the information about the
pulse takes the magnetization back to the/-plane, where geometrical _model of the dynamics, i.e., jump angles ar
after another delay of -/2, the FID is recorded under C#4 number of sites. The latter depends on the CSA tensor e
decoupling at 75 kHz. Proper phase cycling was applied %0ents, the MAS spin rate, and the Euler angles defining t
achieve the correct combination of the sine and the cosiffgitual orientation of the CSA tensors at the exchanging site
experiments as well as to suppress axial magnetization. T8 it must be calculated numericallyy; 2§. Actually, the
theory of the method with emphasis on our experiments §change process can be caused by molecular reorienta
recalled briefly in the next section. Longitudinal relaxatiofMR) of & nucleus having an anisotropic chemical shift tensc
timesT, were measured according to the method proposed #PY SPin éxchange (SE) between different nuclei (common
D. Torchia @9). Chemical shifts were defined in respect téermed spin diffusion; here we imply no difference betwee

glycine for *C (43 and 176.1 ppm) and nitromethane SI9, spin exchange and spin diffusion), or by both. In the first ca:
for N (0 ppm). sitesi andj (Eqg. [1]) correspond to different orientations of the

same nuclei, and in the second case these sites correspon
different nuclei.
P;(7.) can be calculated by solvin@@)

In the time-reverse ODESSA experiment the information

THEORY

about the dynamic process can be extracted from the intensities Pi(tm) = (™); - P;(0). (2]
of the spinning sidebands depending on mixing timg
(ODESSA decay): K is the exchange matrix with elemerks (k; is the proba-

bility of a nucleus changing from siteto sitei) andP;(0) is
the equilibrium populations of the exchanging sites. Assumir
a simple symmetric two-site exchange process with a sing
jump ratek between the sites (Fig. 1, top), a site population c
P(0) = 4, and a spin-lattice relaxation tinTg being equal for
both sites, the exchange matkx can be written as

IN(7p) = 2 Pyj(ra) = 20 (=)™ NI, (1]

i M

P;(7.) is the probability of finding a nucleus at timg at site
j when it was at sité at time 0.1 " are the 2D MAS subspectra
for the exchange between sitandj (M,N are the numbers of

spinning sidebands in the two dimensiorid; = N = 0 —k — i k
corresponds to the isotropic line). For alandj it is always K = T _ 3]
true thatl; = I;. AlthoughP;(7,) contains the information k Kk — i

about the time scale of the dynamic process and the pathway of T,
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Solving [2], one easily obtains Consequently, we decided to use the well-defirkeg for
characterizing the relative amplitude of the molecular reoriel
1 1+ e—zkrm 1— e*ZkTm tation.

Pi(tm) = g &7 ™™ <1 —eZm 14 e_2k“'m> » [4  Insimple molecules, the nature of the process might be obvia
and only the exact jump angle is unknown. In these cases, detal
geometrical information of the process can be obtained from t
experimentally accessible paramefgr. However, in more com-
plicated systems, where neither the number of exchanging si
[1— Pyl — e (™me)].e (T NQ) = |N: nor any information about the type of the process is available, o

can only estimate the range at which the geometrical paramet
=1 N T (for example, jump angles) are compatible with the experimen
S TI =2 (=DM 7, = ok O] result, as we will discuss below.
M Equation [5] holds both for molecular reorientation and fo
spin exchange between two sites. In real systems, both p
Equation [S] directly emphasizes the relative amplitlle cesses might be present simultaneously. In cases where
of the dynamic process on the overall ODESSA decay thglometry of the SE cannot be distinguished from that of tt

we will call “exchan_gﬁ ﬁeca)é-" The pizgmhet?l;x h_z(:ljsla MR by the NMR experiment, i.e., the SE happens between t
certain connection with the order paramesethat Is widely samq sjtes as the MR, and the SE between more remote site

used in NMR relaxation data analysis using the so-call . . . I
model-free approactB@). In the case of molecular reorien-(?1 gligible, Eq. [5] still holds, but with a modified jump rate

tation, both these parameters are measures of a motional
amplitude, but they do not give information about the model
of the motion. BothS* andP,, have in common that to define ) ) )
the angle amplitude of the motion, one must first chooseV§'€ré kuz and ke are the molecular reorientation and spir
model for that motion. Howevel§® depends on geometrical®Xchange rates, respectively.

parameters only, characterized by topology of the molecularHowever, in general case the geometry of the SE and M
dynamics, whereaB., is a spectral parameter of the 2D MASProcesses might be different. The simplest example that
exchange experiment that is determined by the topology of tfelevant for our case is the SE occurring between neighbori
dynamics as well as by NMR parameters, namely the CSAuclei that undergo MR, as shown in Fig. 1 (bottom). In the
tensor elements and the MAS-spinning frequency. Thus, ot@se the exchange matrix becomes

resulting in the ODESSA decay

Mre)
1"(0)

| N

k= kMR + kSEv [6]

—2Ksg — Kyr — T Kwr Kse Kse
1
1
kMR _ZkSE - kMR - -IT kSE kSE
1
K = 1 . [7]
kSE kSE _2kSE - kMR - -T kMR
1
1
Kse Kse Kwr —2Ksg — Kur — T
1

might argue thatP,, depends onS’ plus additional NMR For the small-amplitude molecular reorientation, it can b
parameters. However, the exact relation between them is camssumed that,; = 1,, = |,; = |,,. Also, for simplicity we
plicated (although in principle known), and the calculation caassume that the amplitude and type of the molecular reorie
be done only numerically. In turn, recalculating ®fefrom the tation is the same for both nuclei, meaning thgt= 1;,. In
experimentally obtaine®., might be possible; however, it isthis case the normalized ODESSA decay of the line intensity
not yet clear whether this will lead to unambiguous results,, becomes
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IN(7)
1N(0)
— [1 _ Pexl(l _ e*('rm/‘rexl)) _ Pexz(l _ e*(Tm/Texz))] . e*(Tm/Tl)
N N | ’1\‘1 — | 2‘2
I™(0) =171 Pea= TR
11
_ |T1+ |?2_ 2'?3_
ex2 —N’
4l 7, - ¢ sc SSB
1 1
T D+ ke - T2 Ak B e

Note thatk,x must depend on temperature whilg does not,
thus providing an opportunity to separate MR from SE. It is
obvious from Egq. [8] that the molecular reorientation can be
detected by the exchange experiment if and onkg,if > Kge.
Otherwise, one would see only the SE and there would be no
temperature dependence of the exchange decay components.
In general, because of the many-body nature of the spin
exchange and its strong dependence on the distance between
the exchanging nuclei, the ODESSA decay due to spin ex-
change must be described by a multiexponential ratherthanby . . . L
a single exponential decapg?, 33. However, the analytical ¢ -100 -200 -300 -400 -500
expression for the exchange decay in this case would be too ppm
complicated and the exchange decay can be simulated On|¥|e 5
numerically, as presented below. -

SSB

SSB

®N CP/MAS spectra of the totally enriched barstar. MAS rate
kHz (bottom), 5 kHz (top). Room temperature, proton decoupling field 70 kH:
Denotations: SC, lines corresponding to side chain nitrogens; SSB, spinn

RESULTS AND DISCUSSION sidebands.

Analysis of the Sh f the Exch D
nalysis of the Shape of the Exchange Decays amplitude of the exchange component of the decay is mu

In Figs. 2 and 3, CP/MAS spectra of dry barst&Nj and higher, which permits more accurate treatment of the expe
polyglycine (°C) are shown, respectively. Since the relativenent. The natural-abundant€ spectrum of polyglycine con-
amplitude of the exchange component of the decay in MA&ins only two lines corresponding to carbony=0 and CH
exchange experiments strongly depends on the intensity of tabons. Spinning at 3 kHz seems to be optimal for the exp
sideband lines, it is desirable to get sideband lines as highiment. In both**C and*N experiments we analyzed the decay
possible. Hence, one has to spin a sample rather slowly. On tfighe heights of the isotropic lines corresponding to carbon
other hand, slow spinning reduces the signal-to-noise ratio adrbons and backbone nitrogens, respectively, since they h
the isotropic line. Thus, finding an optimal value of MAS ratéigher amplitudes in respect to the sideband lines.
is an important issue for the exchange experiments. Figure 2Ve also attempted to perform the exchange experiments
represents thé’N spectrum of barstar at 2 and 5 kHz MASnatural-abundanc€C nuclei in barstar. However, because o
rates. The isotropic peak at abou261 ppm corresponds to thethe wider lines in the protein, the signal-to-noise ratio was tc
backbone nitrogens. In addition, there are two weak peakspaior to allow smooth decays to be obtained within the reasc
—309 and—348 ppm corresponding to the side-chain nitrogerable time limits. Figures 2 and 3 clearly demonstrate that on
contained in His, Arg, Lys, GIn, Asn, and Trp. The 5 kHbackbone nitrogens and carbonyl carbons have rather aniso
spinning provides a good signal-to-noise ratio and separatipic chemical shift tensors that enable to perform exchan
of all lines of the spectrum. However, the amplitude of thexperiments. Unfortunately, side-chain atoms have less wi
sideband lines is rather low, and we could not perform amisotropy of chemical shift tensors, and using them for th
accurate analysis of the short component of the exchange dekiagl of experiments is practically impossible.
at this MAS rate. Spinning at 2 kHz reduces the signal-to-noiseln Fig. 4, typical*C and N exchange and’, decays are
ratio and leads to the sideband and one of the side-chain lise®wn. The comparison of these two types of the experime
overlapping at—309 ppm. However, in this case the relativeinambiguously tells us about an exchange process due to
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T > 0°C, kyr > kg is valid, and thus one may observe the
temperature dependence of the exchange decays. At lov
temperaturek,r becomes less thdng, hence, the shape of the
exchange decays is defined by spin exchange only (Eq. [8
and no temperature dependence is detectable.

As shown from Fig. 6, there is no detectable temperatu
dependence of the exchange decays in the dry protein at
temperature ranges. That means either the correlation time
the molecular motion is too slow so that at all temperatiggs
< kge is valid, or the amplitude of the molecular motion in the
dry protein becomes too little so that it cannot be seen in tl
experiment. Our data do not provide the possibility of makin
an unambiguous choice between these two options; howev
the latter seems to us more reasonable since we do not obse
any changes within a very wide range of temperatures.

Exchange decays in polyglycine samples are shown in Fig.
In this case we did not divide them by longitudinal relaxatiol
decays, sincé, of carbonyl carbons in polyglycine is very long
(about 100-150 s) and practically does not depend on tempera
and humidity of the sample. It is shown that within the exper
mental error both dry and wet samples do not reveal any temp

FIG. 3. *C natural abundance CP/MAS spectrum of polyglycine. Roo
temperature, MAS rate 3 kHz, proton decoupling field 70 kHz.

strong component of the exchange decays having a correlation
time shorter tha,. To define whether this process is an SE
or MR or a combination of both, one needs to perform the
exchange measurements at different temperatures. Special atten-
tion should be paid to the initial part of the decays, since according
to Eq. [8], the variation of the correlation time of the molecular
reorientation can be detected only if it is shorter thgh

In Figs. 5 and 6 the normalizeédN exchange decays in wet
and dry barstar at various temperatures are shown. In order to
compare the exchange decays measured at different tempera-
tures for dry and wet sample directly, they were divided by the
experimentally obtained, decays. From Fig. 4 it can be seen
that theT, decay is very close to an exponential. However,
more accurate analysis revealed a small deviation of the shape
of the T, decay from an exponential. Although it was not of
principal importance, we approximated &l decays as biex-
ponentials, and that approximation was used while dividing the
exchange decays. In this way we eliminated the influence of
the dependence of; on temperature and humidity of the
sample, and thus the exchange decays measured at different
conditions can be compared directly.

From Fig. 5 it can be seen that at higher temperatures (
0°C) the initial part of the exchange decays strongly depends
on temperature, while at mixing times longer than 0.5 s, all
decays overlap (Fig. 5, left). On the other hand, at lower
temperatures there is no temperature dependence of the ex-
change decays in the wet sample at all (Fig. 5, right). Such

a.u.
100 4 \ B
I
| %
°
¢ I5N Barstar, +250 C
°
ay, L, d
A, N o
A
2
A
10 4
il %boo o 13C Polyglycine, 00 C
1A A ° 5
] & % ° A © ©
A A
1 ! T T I I 1 1
0 10 20 30 40 50 60

Mixing time / s

"Bture dependence. That means that the exchange process se

behavior is in complete correspondence with Eq. [8]: In the wetgi. 4. Typical examples of the exchange (circles) ahd (triangles)

protein there are two exchange processes—MR and SE. dtays in dry barstar (solid symbols) and wet polyglycine (open symbols).
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FIG. 5. "N exchange decays divided By decays (which were measured separately by the Torchia method) for wet barstar at different temperature
long-mixing-time parts of the exchange decays are not shown because of the relatively,shattte wet sample. The solid lines on the left plot are the Sk
component obtained by biexponential approximation of #%)°C exchange decay at mixing times from 20 ms to 8 s.

polyglycine is solely due to the spin diffusion. A certain differencerhereA is a fitting parameter. It depends on a set of parametse
between dry and wet samples observed at longer mixing timgfsthe spin system3@) that are not knowra priori.
(Fig. 7) can be ascribed, as we believe, to the slightly differentTo calculate the exchange decay using Eq. [1], we need
packing density of the polypeptide chain: in wet polyglycingknow the 2D MAS exchange line intensity’™ values. As
water molecules are located between the peptide chains andriféhtioned in the Theory sectio )" depends on MAS rate,
average distance betwe€@ nuclei slightly increases. Since the spifiagonal CSA tensor elements,, oy, 0., and Euler angles
diffusion rate is proportional to 7 (see below), this slows down theq, B, v, defining the relative orientation of sitewith respect
spin diffusion process in the wet sample, as seenin Fig. 7. o sitej. The MAS rate is a known parameter (2 kHz foN
Thus, from the qualitative analysis of the exchange decaygperiments); the tensor elements can be found from the si
one may conclude that in both samples at all conditions thefgn line intensities of the CP/MAS spectrum using the Her
is a strong component of the decays caused by spin d'ffus'?é‘ld—Berger proceduredf). We found parameteis,,, o, o,
Molecular reorientation is seen only in the wet protein at highy o 108,—30, —78 ppm and assumed identical CSA tensor
temperatures. These two exchange processes are analyged hitrogens. The Euler angles can be computed from t
quantitatively in the next sections. known spatial structure of barstar (Brookhaven Protein Da
Bank file 1BTA, 3)). Although it does not provide informa-
tion about the chemical shift tensor of nitrogen nuclei, there a
As mentioned above, the shape of the spin diffusion decayiigrature data on the orientation of the tensor axes with resp
defined by the distribution of internuclear distances in thg the chemical bonds3F). According to this work, we ori-
molecule. We made an attempt to calculate the shape ofthe gnted thex axis of the tensor along the N—C bond (where C i
spin diffusion decay in barstar proceeding from the spatiglcarbonyl carbon of an antecedent aminoacid residuey thi
structure of the protein. It is well known that the exchange rafgis was chosen to be perpendicular to the C—Np#@ne, and

between two nuclei is inversely proportional to the sixth poWjrientation of thez axis is self-evident. It should be noted tha
of the distance between them. Thus, we assume that the traa- 4o not even need the absolute orientation of the tens

sition probability between twdN nuclei is

Spin Exchange (Diffusion)

Because of the powder averaging, we just need to know hc
two neighboring®N nuclei tensors are oriented with respect tc
k; = ﬁ‘s [9] egch other, and it does not matter how these tensors
i oriented with respect to the molecular frame, as long as v

-
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at various temperatures.

assume the same orientation of the CSA tensors in the molec-

ular frame for all nitrogens.

LB R |

1 I

time /s

10

N exchange decays divided By decays for dry and wet barstar
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and experimental decays coincide. However, as shown, the she
of these decays are slightly different, and it is not possible |
obtain exact coincidence. We believe that this is primarily th
result of the oversimplified assumptions that were made for t
calculation: first of all, the identity of the CSA tensor elements fc
all nitrogens and neglecting the isotropic chemical shift diffel
ences between them. Spin diffusion between backbone &
sidechain nitrogens was not considered. We also neglected
effects of molecular motion, i.e., we took only the averaged CS
tensor orientations for all nitrogens. In the real protein, the numb
of sites involved in the SE is substantially greater than 88 becat
the sites accessible by the MR must also be considered. Taking
this into account would definitely change the shape of the sg
diffusion exchange decay.

From the best fitting of the simulated and experiment:
curves (Fig. 8) we estimated the parametefEq. [9]). It has
a value of 100-150 As™. The distance between the neigh:
boring backbone nitrogens in the polypeptide chain is aboult
A. From this using Eq. [9], it is very easy to estimate that th
spin exchange rate between neighboring nitrogens in the p
tein is about 0.2 °S.

Spin diffusion between natural-abundarté@ nuclei in poly-

a.u.

100 4 g' ° B
sl
- D%: Boag

90 - o

The calculation was done for 88 residues (the first residue
nitrogen was not taken into account) using the procedure given
in Ref. 28). Actually, only the decay of the isotropic line
(O-order spinning sidebandy = 0) was calculated to be
compared with the experiment; however, because of the sum
over M in Eq. [1], calculation was done favl running from
—3 to +3, covering all sidebands of reasonable intensity.

The probabilitiesP;;(7,,) were obtained from the numerical
solution of Eq. [2] for the case of the 88-site spin exchange,
wherek; were assumed to be in the form of Eq. [9]. Internu-
clear distances; were also obtained from the PDB file of
barstar. Then, inserting obtained values ¥ andP;(7,,) at
different mixing times into Eq. [1], we obtained the spin
diffusion exchange decay. Variation of the param&te{Eq.

[9]) results only in compressing or stretching of the exchange
decay on the linear,, axis.

The simulated curve together with the experimental exchange

decays divided b, decays, as described above, are presented iftig, 7. **c natural-abundance exchange decays in dry and wet polyg|

70 -

60

50

dry, +1000 C
dry, +100 C o
wet, +600 C
wet, 00C

40

1E-3

Fig. 8. By varying the parametérwe tried to make the simulatedcine.
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R R R AR ST M S W ETTIT WSS 1T M A aeT age distance betweefC nuclei from the average value of the
a.u. carbon density in biopolymers (about 1 atom per 20-50 cuk
100 J angstroms) and natural abundanceé’af nuclei (1.1%). These
approximate calculations give the average distance betwe
BC nuclei of the order of 10 A. Recalling again thed: is
proportional to 1v°, one may estimate thdts: values for
natural-abundancgC nuclei span from 10-10 ° to 10°-10'

s . Indeed, in Fig. 7 one may see a slope of the exchan
decays starting from the very short mixing times. Absence |
- the temperature dependence of the initial part of the decs
confirms that it is just the spin diffusion.

5 These rough estimations demonstrate that exchange exp
ments on natural-abundant€ nuclei are a rather unsuitable
tool for studying low-amplitude molecular motions in organic
polymers. Although the existence of the molecular reorient
tion can be detected qualitatively by temperature variation |
the initial part of the exchange decays, correctly obtaining i
frequency and amplitude parameters is a very difficult tas
since there will be a complex mixture of MR and SE processt

20 2, in all time scales of the exchange measurements.

40 4

Molecular Reorientation

1E-3  0.01 ()11 i 10 100 The main goal of the present study is obtaining the info
mation on the superslow backbone motion in our samples. .
Mixing time / s is clear from the considerations presented above, this inform
. __ tion is contained only in the initial part of the exchange decay
FIG. 8. ™N exchange decays of dry and wet (below 0° C) barstar, divided . .
by T, decays (circles). The solid line is the theoretical exchange decay du rt]othe wet b_arStar at high temperatures (Fig. 5, left). Thus, v
the spin diffusion calculated from the known spatial structure of the protelf€€d t0 define the parameters of the shortest component of
(see details in the text). exchange decays that is attributed to the MR process. Sim|
two- or three-exponential decomposition of the exchange d
cays may lead to a quantitatively wrong result, since the sp
glycine has a more complicated picture. Because of the irregutiifusion component, as we already know, has a nonexpone
distribution of *C among*“C nuclei, the distribution dfs: values tial form. Besides, one may expect that the MR component al
is much wider than in th€N case. For the exchange experimenbas a nonexponential form, since different domains of tt
not only does spin diffusion between carbonyl carbons matter; gmtein globule may have different internal mobility and we ar
does that between carbonyl and any other carbons. First of all,ret yet able to separate them in the spectrum.
us estimate the largekte value in this distribution. That can be To extract the MR component we used the following proce
done on the basis of the calculations performed for spin dure. As seen from Fig. 5, &t = +50°C the MR component is
diffusion in barstar. The largekt; value corresponds to théC  significant only at mixing times shorter than 20 ms, whereas
nuclei pair separated by the shortest possible distance, i.e., ldrger mixing times, the shape of the exchange decay is defir
length of one covalent bond, which is about 1 A. Sikgeis mainly by SE process. This can be concluded from the exister
proportional toy*/r® (32), proceeding from th&: value obtained of the quasi-plateau that is observed between 20- and 100-
for the N neighbors (see above) one may estimate that thexing times at this temperature. This plateau means that the \
highestks: value is about 5000°s. Such a high value means thacomponent has already decayed and the SE component me
the exchange process due to the spin diffusion should be obserstedts to decay at these mixing times. Then, we approximated
in the exchange experiment even at mixing times around 1 ms.&@thange decay dt = +50°C from 20 ms ¢ 8 s by abiexpo-
course, the share of closely spac&d nuclei in the total number nential function and extrapolated this function to the short
of °C pairs is very low, and so is the relative amplitude of thixing times. In this way we obtained the SE component that
corresponding component of the exchange decay. However, I@liown by the solid line in the left plot of Fig. 5.
amplitude motions give little exchange decays as well; hence, on€f course, this procedure is somewhat arbitrary. The mo
will have problems in separating them. correct way to obtain the SE component would be to meast
On the other hand, we may very roughly estimate the avéhe exchange decays at higher temperatures so that the |
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tion, andp is the phenomenological distribution width param
eter varying from 0 to 1. (The leg% the wider the distribution
of the correlation times.) From fitting the MR components, w
obtained, and B for three temperatures. The temperatur
dependence of,, and the activation energy of the MR proces:
are shown in Fig. 10. As for the parametgrit was found to
be 0.4+ 0.2 at temperatures25 and+37°C. AtT = +50°C,

it was practically undefined because of the lack of experimen
points in the decay.

Another important parameter of the MR process is the re
ative amplitude of the MR component of the exchange dece
Its value in wet barstar was found to be 0.13 (Fig. 5, left). A
mentioned above, the parameky, (Eqg. [8]) is a measure of
the amplitude of molecular motion. Though the exact mole«
ular model of the slow motion in the protein is not known, fron
P.q ONne may estimate the minimal angle amplitude of thi
motion using the simplest two-site model. This model assum
that the chemical shift tensor can accept only two equal po
ulation orientations (sites). Then the relative amplitude of tf
exchange component of the decay can be obtained using |
[5] or [8]. Values of the tensor elements,,, oy, o, of
backbone nitrogens were given above. The three Euler ang
that are necessary for computihg andl,, cannot be defined
from one experimental parametBg,; however, the minimal
possible angle amplitude can be estimated if we assume t
two sites are the result of the rotation of the tensor around

T/0C
50 40 30

/ ms 1 2 1 L I

. T
FIG. 9. MR component of the exchange decays in wet barstar 28, MR
+37, and+50°C. The solid lines are the stretched exponential fitting curves.

component would be too short to be seen in the experiment at
all. We tried to perform the experiments #65 and+80°C;
however, after that the results at lower temperatures were not
reproducible (whereas after heating uptt60°C the reproduc-
ibility was good). This most probably means that at high
temperatures the protein was denatured. Thus, we extracted the
SE component from the-50°C exchange decay as described
previously. We believe that for the first approximation analysis
of the exchange data this is a suitable assumption.

After the SE component was obtained, it was subtracted
from the exchange decays®it +50, +37, and+25°C. The
MR component obtained in this way is shown in Fig. 9. As
expected, the decays obviously have a nonexponential form.
For the quantitative analysis the decays were approximated
using the so-called stretched exponential function

A(T) = exp(—(Tw/Tur)?), [10]

100

10

3.1

32

13K /T

FIG. 10. Temperature dependence of the correlation time of the Mi
where 7 is the correlation time of the molecular reorientaeomponent. Dashed line is the best-fit Arrhenius dependence.
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P aromatic ring-flip methods in solutioi%). However, the ad-
e vantage of the solid-state exchange method is that it enab
0.5 - one to observe the molecular reorientations directly and

define both its frequency and its amplitude parameters.

On the other hand, we must certainly admit that the da
obtained in the present work are not yet enough to allo
- definite and cogent conclusions about molecular models of t
B slow motion. That will be possible, we believe, in future
studies on selectively labeled proteins. This would enab
separate characterization of different domains of the prote
globule, and in addition less abundant nuclei would make sp
diffusion effects negligible, significantly increasing the rang
of the correlation times of the molecular reorientation that ce
be observed in the experiment. Our results demonstrate that
application of solid-state MAS exchange spectroscopy is de
- & —r———————r————— initely a step forward in investigation of slow protein dynamic:
0 30 60 90 120 150 180 on a more detailed molecular level.

0.4 4

0.34

0.2 4

0.14

degrees CONCLUSIONS

FIG. 11. Relative amplitude of the MR component as a function of the
angle of chemical shift tensor rotation around an axis for the two-site model This work has primarily methodology significance. For th
(Egs. [5] and [8]) for'®N experiments. Three curves correspond to rotatiofjrst time, solid-state MAS exchange NMR spectroscopy wz
around the shortest (upper), intermedia_te (middle), and longest _(Igwer) ax&f!plied to Studying superslow biopolymer dynamics, and as
Dashed line corresponds to the experimental valud®gf. The minimum . . .
possible amplitude for the two-site model is marked by an arrow. result, the molecular motion of the protein backbone in th

millisecond range of correlation times was detected. It we
demonstrated that, since spin diffusion can significantly pr

shortest (in absolute value) axis. In this case the two longefiide obtaining information on molecular dynamics, speci
axes, having opposite signs, change their orientation. In thisre should be taken for optimal choice of the time scale al
way the chemical shift of the nuclei is being changed in mosgmperature ranges of the exchange experiments. It was shc
effective way, and thus a minimum angle transformation of ththat the molecular motion has a specificity to the type of th
tensor is required to achieve the experimental valu®gf polypeptide structure and humidity level that indirectly indi
The sameP,,, can be obtained from other kinds of tensocates the biological relevance of this motion. Most probabl;
transformations, including shortest axis reorientation, but thisis is the type of protein conformational dynamics that he
angle amplitude in this case should be obviously higher been observed before by chemical exchange methods in sc
achieve the same value 8%,;. This is illustrated in Fig. 11, tion. However, unlike these methods, the solid-state exchar
whereP., is represented as a function of the angle of chemicekperiment enables direct investigation of frequency and ai
shift tensor rotation around three axes for the two-site modelitude parameters of the molecular dynamics. We hope tt
Assuming rotation around the shortest axis and taking thgture studies using this method will bring a deeper unde
experimental value oP.,;, we estimated the minimal anglestanding of the nature and properties of the slow dynamics a
amplitude of the motion. The result is 17° (Fig. 11). Note thats role in the biological function of proteins.
this value is the averaged one and some parts of the protein
backbone may have even higher amplitudes. ACKNOWLEDGMENTS
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