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ABSTRACT. Villin 14T, a representative domain from the actin severing and bundling protein villin, binds
calcium ions and actin monomers. To begin to understand the contributions of mobility to the villin
calcium and villin-actin interactions, relaxation rates for magnetization involving the amide nitrogens
and protons have been measuredl-labeled villin 14T in solution. Although we have measured the
complete set of rates required for a full spectral density map, difficulties in the accurate measurement of
relaxation rates for antiphase coherence and two-spin order led us to consider a reduced mapping formalism.
From the reduced spectral density map, a model-free analysis, or directly from the measuedxdtion

rates, local variations in mobility along the backbone of villin 14T have been revealed. Fast motions are
evident not only at the amino and carboxyl termini but also in the turn between spdraied35 of the
central-sheet and in the turn between heti8 and strangg7. Slower motions are suggested for the

turn between strang#2 andg3. Motions on the microsecond to millisecond time scale have been probed
directly by examining the dependence of the proton transverse relaxation rate on the spin-locking field
strength. Lell shows a strong dependence on field strength, implying conformational exchange with a
time constant of 125 69 us. The backbone at the actin-binding interface appears to be rather rigid.

Villin 14T, spanning 126 amino acids (14 kD&)s the
first of six repeated domains in the actin severing and
bundling protein, villin (Bazari et al., 1988). Alone, this

interest since the first observations of nuclear magnetic
resonance (Bloch, 1946; Bloembergen et al., 1948; Redfield,
1965), recent developments using indirect detection of

domain binds to actin monomers in the presence of calciuminsensitive nuclei in two-dimensional experiments (Nirmala

(Janmey & Matsudaira, 1988). Two calcium binding sites
have been identified within villin 14T, and their dissociation

& Wagner, 1988; Nirmala & Wagner, 1989) and taking
advantage of the availability of labeled samples (Skierta

constants have been measured (Markus et al., 1994a). Theil., 1987; Kay et al., 1989) make relaxation a powerful tool

solution structure of villin 14T, taken together with the crystal

for the study of mobility at specific sites within proteins.

structure of the analogous domain from the actin severing  pajaxation data are typically interpreted with the aid of a

protein gelsolin in complex with an actin monomer (McLaugh-
lin et al., 1993), reveals the structure of the actin-binding
site. However, structural complementarity is only one
possibility for protein-protein interactions. Induced fit in
otherwise flexible regions is another alternative. To under-
stand the interactions of villin 14T with calcium and actin
in more detail, it is important to probe the mobility in solution
for sites within villin 14T.

The relaxation of nonequilibrium magnetization in an
external field is sensitive to the motions of the magnetic
nuclei. The random fluctuations associated with motion
couple to the internal energy levels of the magnetic spin
systems and provide a mechanism for returning the system
to thermal equilibrium. Though relaxation has been of

S

model, describing either the motions themselves or the
analytical form of the spectral density functions. Among
the least restrictive ways of analyzing relaxation data is the
model-free approach (Lipari & Szabo, 1982a,b), which
assumes that the spectral density function is the sum of two
Lorentzian functions. This model features three parameters,
<, the generalized order parametey, the overall tumbling
correlation time for the molecule, and the correlation time

for internal motions, which can be fit on the basis of two
relaxation rates and NOE enhancement data. Extensions to
this approach, adding parameters for additional motions on
another time scale (Clore et al., 1990a) or for exchange
contributions to transverse relaxation, have been proposed
for several proteins where the original model-free approach
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& Wagner, 1992a,b). In this technique, no a priori assump-
tions have to be made about the analytical form of the
spectral density function. This is in contrast to the model-
free approach where the relaxation rates are fitted to the
parameters defining the spectral density function as a sum
of two or three Lorentzians. However, after spectral density
values have been obtained via the mapping technique, they
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can be fitted to any functional forms of spectral density relaxation experiment have also been presented (Markus et
functions, such as sums of Lorentzians analogous to thoseal., 1994c).

proposed in the model-free approach. The method of spectral The proton rotating frame relaxation rat&(H,,), were
density mapping has first been applied to the 8 kDa measured with the pulse sequence and parameters described
proteinase inhibitor eglic. Through measurements of six in Dayie and Wagner (1994). The rates were measured at
nitrogen and proton relaxation rates, the power spectral Spin-locking field strengths of 3.21, 4.55, 6.02, 8.20, and
density functions have been mapped. Here we describell.52 kHz.

similar measurements and efforts to obtain a full spectral Data Processing and Calculation of the Relaxation Rates.
density map for the 14 kDa actin-binding domain villin 14T. Spectra were processed in Felix (Biosym Technologies, San
Inconsistencies in the full spectral density map led us to Diego, CA), with multiplication by 60-shifted sine-squared
consider a reduced spectral density map (Wagner, 1994;apodization functions and 4-fold zero-filling in both dimen-
Farrow et al., 1995; Léfee et al., 1996), both to interpret  Sions. For sensmwty-enhanced_ data, the echo/antlgcho pairs
the rates in terms of motions and to explore the likely sources Were added and subtracted (with & §hase correction) to

of inconsistencies in the full map. The rates have also beenfo'm complex points in the acquisition dimension, either
interpreted according to the model-free approach and its before processmg.orw_lthm the Felix macro. The data were
extensions. Finally, slower motional processes have been"’m""ly_zed as Qescrlbed in Peng and Wagner. (1992a). Bnefly,
probed through the dependence of proton transverse relaxPeak intensities were measured by integrating cross sections

1 . ) )
ation on spin-locking field strength. The implications for Tal:en .talong thef.'t_'t d'”_‘er;s'f’” at thf Ipfeakt_maxmurph.
mobility in villin 14T, as well as for calcium and actin ntensities were it to single exponential functions via the

I Levenburg-Marquardt nonlinear least squares method,
binding, are presented below. implemented in PLOT (New Unit Inc., Ithaca, NY). Ex-
amples of the fits for residue Alahave been published
(Dayie & Wagner, 1994). Uncertainties in the peak intensi-

The Sample 5N-Labeled villin 14T was expressed in ties were estimated by repetition of one time point in the
Escherichia colgrown in minimal medium containingNH- relaxation series. These uncertainties were used to estimate
Cl as the sole nitrogen source and purified as describeduncerta_inties _in the rgtes due to random errors via Monte
(Markus et al., 1994b). The sample concentration is 2.29 Carlo simulations as in Peng and Wagner (1992b).

mM in 50 mM NaHPOs, 100 mM NaCl, and 0.1 mM Na Spectral Density Mapplng Based on f[he Relaxatlon' Ratgs.
at approximately pH 4.13. To reduce the amount of In the quantum mechanical description of relaxation in

dissolved oxygen in the sample, and thus remove this magnetic spin systems, the _Hamiltonian is typically expressed
’ as the product of a “lattice” component and a “spin”

COI’]tI‘IbutIIOItI to relaxation, the sample was sealed under argon'component. [See Abragam (1961)] The spin component
Description of Pulse Sequences and Parametes of includes interactions that are constant in time and gives rise

the rates and NOE enhancements were measured on a Brukgp, the observed spectrum. The lattice component includes

AMX-500 spectrometer at 298 K. The rate experiments are jnteractions that fluctuate randomly in time, due to motion

essentially 2D heteronuclear correlation experiments with within the system. This component gives rise to relaxation,

appropriate relaxation delays inserted. Magnetization trans-which causes broadening of the observed spectrum. The

fers from the protons to the nitrogen and back are ac- dependence on fluctuations over time is expressed as the

complished through INEPT. power spectral density functiod(w). More directly, the
The ratesRy(N,), Ru(Nxy), Ran(2H:N,), andRun(2H,N), spectral density function can be interpreted as the Fourier

as well as the heteronuclear NOE enhancements, werelransform of the correlation function for motions of the-N

measured using gradient-enhanced pulse sequences (Dayi@mide bond vector. The spectral density depends critically

& Wagner, 1994). In these experiments, magic-angle pulsed-©On the motions occurring within the system. The relaxation

field gradients are used to suppress the water resonance anttes sample the spectral density function at distinct frequen-

to select for thé5N—1H magnetization (Davis et al., 1992). ~ Cies, as detailed (Abragam, 1961; Peng & Wagner, 1992b;

The gradient selection of coherence pathways is combinedWagner, 1993):

with detection of both orthogonal components of the in-phase

proton magnetization, creating “sensitivity-enhanced” experi- Ry(N,) = d{J(w, — o) + 3I(wy) + 6J(wy + o)} +

ments (Palmer et al.,, 1991; Kay et al., 1992a). These {Iwy)} (1)

experiments also feature “flip-back” pulses to minimize

saturation of the water (Grzesiek & Bax, 1993). For g

measurements dR®y(Nx,) and Ryn(2HNx,), a spin-locking _4d _

field is applied during try1e relaxation deléy. Therefore, these Ru(Nyy) = 2{ A0) + oy = op) + 3wy +

rates strictly correspond t8\(N,,) andRyn(2H:N,z) (Peng

et al., 1991). The details of acquisition for villin 14T have

been reported (Dayie & Wagner, 1994).

The amide proton longitudinal relaxation raté®(H))] Rin(2HNY) = d{3)(wy) + 3I(wy)} + c{Iwpn)} + Opnni
were measured with the pulse sequence described in Peng (3)
and Wagner (1992a). The experiment is essentially a 2D
version of an®N HSQC-NOESY, using the NOESY mixing d
time as the relaxation delay, witfiN chemical shifts along  Run(2HNy) = 5{43(0) + Hwy — o) + 33wy) +
w1 and!H chemical shifts along,. Water suppression is 2 1 N
accomplished with presaturation. The details of the proton 6J(wy + wy)} + C{§~J(0) + 35U o)} + o + Rex (4)

MATERIALS AND METHODS

63(wy) + 6)(y + o)} + c{éa(m + S} + R @)
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with

N
Ounyi = ;dHi{‘]HNHi(O) + 3Jpwni(@p) + 6Jyn(2w)} (5)

In eq 5, the proton Larmor frequencies are assumed to be

approximately equakgyy = wyi) such thatlvgi(wpy — wwi)

= J(0) and Juvyi(wuny + wn) = Javgi(2wy). For selective

measurement of proton longitudinal relaxation

RH(HzN) = K oy — oy) + 3Jwy) + 6)(wy + o)} +
Oy (6)

Rx represents the relaxation rates, as indicated in the text,

with X representing the nuclei involved (H, N, or HN)is

the weight of the dipolar interaction between the amide
nitrogen and proton, while thdy are the weights of the
dipolar interactions between the protons.s the strength

Markus et al.

of the spectral density function in terms of these rates are:
3 1
Joi(0) = —————=R(N,) + Ry(N,,) —

2Ru(HY==N)| (20)
o) = G g RN ~ RaHEN)| (1)

Jon) = Rm(HE=N) (12)

with
Jwp) = Hwy + wy) = Hwy) = Aoy —oy) (13)

The constants are given by eq 7, and the pretuitrogen
cross-relaxation rate is related to the heteronuclear NOE
enhancement by eq 8J0) denotes that, since exchange

of the chemical shift anisotropy. These constants are givenis not considered explicitlyJ(0) includes the exchange

by
_ h27H4

- 6
A i

hZVHZVNZ

6
ar N

24 2
N Ay

d= 3

("

Hi

where A is Planck’s constant divided byn2 y is the
gyromagnetic ratior represents the distance between the
nuclei involved in the dipolar interaction, amtly is the
chemical shift anisotropy for the amide nitrogen, assuming
axial symmetry for the chemical shift anisotropy tensbr.

represents the spectral density functions, with the corre-

sponding frequency given in parenthesegpy is the
longitudinal proton cross-relaxation rate, amj, is the

relaxation of nitrogen magnetization due to exchange pro-
cesses. The heteronuclear NOE can be related to the rat
for cross relaxation between the amide proton and nitrogen

and the nitrogen longitudinal relaxation rate as follows:

Isat_ qu _ ﬁ RN(H’z\IeNz)
Ru(N,)

= 8)

qu YN
where

Rin(Hy<N) = d{ —J(wy — wy) + 6)(wy + o)} (9)

contribution fromRy(Nx,).

Model-Free Parameters from the Relaxation Ratd®
interpret the dynamic information contained in the relaxation
rates and the spectral density functions, typically some
motional model is invoked. One formalism that makes
relatively few assumptions about the details of the motions
and introduces relatively few adjustable parameters is the
model-free approach (Lipari & Szabo, 1982a,b). In this
approach, the spectral density functions are assumed to be
the sum of two Lorentzians:

St 1-&
Ywy=G—"m A5 (14)
51—|—rma) 1+ 7°w
gvith
T T, T

S is a generalized order parameter which provides a measure
of the degree of spatial restriction of the motian, is the
correlation time for the tumbling of the molecule, ands

an effective correlation time, which gives some measure of
the rate of local motion after the rate of the overall motion
is considered througty,. Notice that wher® = 1, the single
Lorentzian that results corresponds to the model based on

Neglecting exchange contributions, the rates in the expres-fotational diffusion of a rigid body. This indicates that a
sions above depend on only five values of the spectral densitycompletely ordered amide vector only displays motion due

function for the amide nitrogeni(0), J(wn), J(wn + wn),
J(wn), andI(wn — wn)] and the proton-proton spin-lattice
relaxation pynvg). Therefore, the expressions given above

to the overall rotation of the molecule. For a completely
disordered amide vecto® = 0.
In the extended treatment, an additional Lorentzian term

can be solved for the spectral densities themselves to give ds included in the expression for the spectral density function
map of the spectral density function at those frequencies (Clore et al., 1990a):
(Peng & Wagner, 1992b). < 1-g?
Reduced Spectral Density Map Based on Two Rates and W) = 2 tm 1 -7 n
the NOE EnhancementFor proteins, the value of the S\1+7.20% 1+ 1202
. . . m f
spectral density at zero frequenc}(qQ)] is relatively large
while the values at higher frequencies are orders of magni- whereS? is the generalized order parameter for fast internal
tude smaller. On the basis of the experimental results for motions,t; is the corresponding correlation time, ands
eglin ¢ (Peng & Wagner, 1992b), it is a reasonable ap- an additional correlation time for motions on a time scale
proximation to equate the high-frequency values of the distinctly slower than;. The measured relaxation rates
spectral density functiond{wy + wn) = J(wn) = Jwy - (N») and Ry(Nyx,) together with the heteronuclear NOE
wn)]. In this case, the reduced spectral density can be enhancements were fit to spectral densities of the forms in
mapped with the rateBy(N,) and Ry(Ny,) and the hetero-  egs 14 and 15 and to the additional case where the exchange
nuclear NOE. The expressions for the available componentscontribution toRy(Ny,) is considered explicitly.

(S§° — D,

1+ rszwz

m

(15)
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Probing Slower Motionsiia Spin Locking at Different  groups of tryptophan and arginine at the far right. ?Fand
Field Strengths. The transverse relaxation rate measured Trp% are in the centraBB-sheet of villin 14T, with Trg!
with spin locking during the relaxation delay can be packing into helicesil anda2 on one side of the sheet and
influenced by chemical exchange processes with frequenciesTrp® packing into helixx3 across the other side of the sheet.
near the frequency of the spin-locking field. For the case In general, the rates for the tryptophan groups follow trends
of exchange between two states, A and B, the dependencesimilar to those for the well-defined secondary structure in
of the relaxation rate on the spin-locking field is given by the domain. Aré is on the same side of the centfiabheet
(Szyperski et al., 1993) as Trp* and also tends to follow the trends of the well-
defined secondary structure. However, ArgArg®, and
Argl% follow trends more similar to the extreme ends of
T 20 the peptide chain. ARjis near the end of stran@, Arg®®

ex 1 is in strand36 at the edge of the centrisheet, and Ay’
is in helixa3. These three side chains are on the surface of
the protein, exposed to solvent.

Numerical Problems in the Full Spectral Density Mapping.
The full spectral density mapping produces unphysical
negative values for the high-frequency componed(s)j
+ wn), Jwn), andI(wy — wn)] in villin 14T. One source
of the negative spectral densities at high frequencies is
orobably the limitation on the dynamic range in the experi-

ents. The relaxation rates for nitrogen transverse magne-

€

T X 00
Ry(X,) = PAPBAQZW +Rx(X;) (16)

where X is the nucleus under consideration (here the proton
relaxation has been examined at different spin-locking fields),
pa is the population of state A angk is the population of
state B,AQ is the difference in chemical shifts between the
two statesge is the time constant for the exchange, is

the spin-locking field strength, an&«(X;) is the rate
extrapolated to an infinite spin-locking power. To fit the
expression, essentially three constants must be considere

PaPsAQTex, Texitself, andRy(X;) (Blackledge et al., 1993). iy atign, antiphase magnetization, and two-spin order are
Here, eq 16 was fit with the general curve fitting option in o1y |arger than the rates for nitrogen and proton longitu-
KaleidaGraph (Abelbeck Software, Reading, PA), which uses in 5| magnetization, which in turn are much larger than the
the Levenburg-Marquardt algorithm. heteronuclear NOE enhancement. In the expressions for the
RESULTS high-frequency components of the spectral density function
(Peng & Wagner, 1992b), large rates are added and
Measured Rates.The set of five rates and the hetero- subtracted to produce tiny values. Even a small percentage
nuclear NOE enhancement required for spectral density error in one of these rates is sufficient to cause unphysical
mapping are shown in Figure 1. For the nitrogen longitudinal values for the very small high-frequency spectral densities.
relaxation ratefn(N,), Figure 1A], the average value is 1.68 J(0) and J(wn) are less affected simply because they are
s 1 with a range from 0.55 to 2.00°5 Notice the small larger. Negative spectral densities were also observed during
dips in the rates in the turn between strapidsandj5 and the full spectral density mapping of egli{(Peng & Wagner,
at the carboxyl terminus. These trends are even more1992b), although for fewer residues and at smaller magni-
pronounced in the transverse relaxation ra®$Nx,), Figure tudes. However, the dynamic range issue becomes worse
1B]. In addition, there is a dip between he@8 and strand  for larger proteins, as illustrated in Figure 2. Figure 2 shows
B7. Noticeably larger values of the transverse relaxation ratethe simplest model for the spectral density function of a
are observed for Ly$(between strands2 ands3) and Asi® protein—the single Lorentzian function for a rotating
(in strand3). Large values of the transverse relaxation rate, sphere-over the frequency range probed in these experi-
without corresponding large values for the longitudinal rate, ments. The solid line shows the spectral density assuming
typically reflect conformational exchange. (See eq 2.) The a correlation time of 4 ns, which is the approximate value
rates for transverse relaxation have an average of 1213 s for eglinc (8 kDa, 70 residues). The dashed line shows the
(range 2.26-15.88 s1). The two-spin ratefkyn(2HN,) and spectral density assuming a correlation time of 11 ns, the
Ran(2HNy,), are displayed in Figure 1C,D. The average approximate value for villin 14T (14 kDa, 126 residues). For
values are 11.478 (range 3.8%18.1 s!) for Run(2H:N,) the larger protein, the low-frequency components of the
and 29.0 s! (range 5.58-47.0 s?) for Run(2HNx,). The spectral density function (at 0 and 50 MHz) are even larger,
same general trends in the rates are observed, although thegriving the rates, especially(Ny,) andRin(2HNx,), even
are less clear due to contributions from proton-proton higher. The high-frequency components (near 500 MHz)
relaxation. (See egs 3 and 4.) The magnitudes of thefor the larger protein are much smaller than the components
heteronuclear NOE enhancements are displayed in Figurefor the small protein. For the larger protein, the same percent
1E. The average value is 0.319 with a range from 0.086 to error in the rates leads to more inaccuracy in the high-
2.352, where the largest value is observed for theé¥sigle frequency components. Therefore, an alternative interpreta-
chain. The enhancement shows larger magnitudes at the veryion of the motional data contained within the relaxation data,
amino terminus (Vd), between strand$4 andj5, between specifically one less sensitive to inaccuracies in the larger
helix a3 and strangB7, and at the carboxyl terminus (from rates, is necessary for villin 14T.
Gly*?*forward). The proton longitudinal relaxation rat&{ Reduced Spectral Density Map for Villin 14TThe
(H)] are shown in Figure 1F. The average rate is 7.75 s reduced spectral density map for villin 14T is shown in
with a range from 3.28 t0 11.69% Even though the proton  Figure 3. The map was calculated using the nitrogen
relaxation includes the additional contribution from proton  longitudinal and transverse relaxation rates and the hetero-
proton cross relaxation (eq 6), the same trends are apparentyuclear NOE enhancements under the assumption that the
namely, decreased rates in the turn between strédsd high-frequency components of the spectral density functions
S35, betweern3 and37, and at the carboxyl terminus. are equalJ(wn) = J(wn — wn) = Iwn + wn)]. A reduced
Notice that, in addition to the rates for the backboneHN spectral density of this type had been suggested (Wagner,
groups, the graphs show the rates for the side chaitdN  1994; Lefere et al., 1996) and has recently been used
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Ficure 1: Relaxation rates and heteronuclear NOE enhancements for villin 14T measured at 500 MHz, 298 K, 2.29 mM, pH 4.13. (A)
Rate for nitrogen longitudinal magnetization. (B) Rate for nitrogen transverse magnetization. (C) Rate forpitodgen longitudinal

two-spin order. (D) Rate for nitrogen antiphase with proton. (E) Heteronuclear NOE enhancements, displayed as magnitudes. The value
off-scale on the graph is 2.3523 for the side chain of®Ar(f) Rate for proton longitudinal magnetization. The errors displayed are based

on a Monte Carlo simulation for the fit; bars are not displayed for the smallest errors. The labels W and R along the sequence axis indicate
the values for side-chainN\H groups, including Tr, Trpé4, Arg?2, Arg®L, Arg®, and Ard?”. Rates could not be measured for prolines

(Pra'6, Pro®, and Pré® nor backbone positions lacking amide assignments 3apd Ly$9). In cases of overlap, the rate is assigned to

one of the two positions, typically the stronger peak, and the other is left blank. Overlapped pairs inchuded g$d?2, Glyl” and Gly*,

lle!® and Asri® Sef® and ThPl, and GIy¥° and GIy?. In some spectra, peaks for Thare too weak to determine an accurate rate, and
peaks for the Argf side chain overlap with Ly46 The secondary structure is depicted above the bar graphs, with open rectangles representing
a-helices and arrows representing strandg-sheet.

in studies of an SH3 domain (Farrow et al., 1995). It has the exchange term for the nitrogen transverse relaxation rate

the advantage that fewer rates are required; specifically, two(eq 2). In the reduced map, the spectral density functions

of the largest ratesn(2HNx,) andRun(2HNz), need not  decrease monotonically as the frequency increases, as

be considered. expected for random motion with correlation functions that
The values Oﬂeff(O) along the protein backbone are shown decay over time (Figure 3B,C) The high-frequency com-

in Figure 3A. The area under the spectral density curve is honent (Figure 3C) shows trends complementarye#0),

the same for each backbone amide vector within the same, i increased spectral density between strgfwiand35,

protein._ Relat_ively smaller va!ues for the spectral density between helixx3 and strang87, at the carboxyl terminus

at zero imply higher values at higher frequencies. Therefore,and for the arginine side chzllins However because 7the

reduced values of.(0), as observed between strantts . . .
and 85, between helixa3 and strand37, at the carboxyl spectral density function spreads out when higher frequency

terminus, and for arginine side chains 51, 96, and 107, areMotions are present, the increase observed at the higher
indicative of high-frequency motions. Strikingly large values frequencies is only a fraction of the decrease observed in
of Je(0), as observed for Lyéand Asi8, can be traced to  Jer(0).
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FiGURE 2: Example demonstrating the numerical problems with f-sheet; triangles, G, from the turn between stranfig andp35;

the full spectral density map for larger molecules. The spectral circles, Il€® from helixa2. The lines through the symbols represent
density functions for the case of an ideal rotating sphere over the calculated spectral density functions based on the model-free form
frequency range sampled on a 500 MHz spectrometer are plotted.for Trp* (solid line) and 1lé° (dashed line) and the extension
The solid line corresponds to a rotational correlation time of 4 ns, including faster motions for G# (dotted-dashed line). The error
similar to the value determined for the 70-residue protein eglin ~ bars for the values of the spectral density are similar in size or
The dotted line corresponds to a rotational correlation time of 11 smaller than the plot symbols and are not shown. Comparison of
ns, similar to the value estimated for villin 14T. For the longer the values for Tr§f and Gly® shows significantly reduced values
correlation time, the spectral density function is much larger at low of J(0) for the flexible turn in GI§®. The high-frequency compo-
frequencies and much smaller at high frequencies. To map thisnents for the spectral density are twice as large forrGag for
spectral density from the rates, smaller differences in larger rates Trp*, but the values are so small that the difference is not obvious

would have to be measured significantly. from the figure.
A o0 Lo BB B B 4 4. The dynamic range problems are obvious from this
> representation; the plot symbols are larger than the data

] values for the high-frequency components. The spectral
bl il I (R e densities for Trgl, located in the centraB-sheet, GIy?,
L ! located in the turn betwees¥ andj5, and Il€®, located in
80

4.00- f

w

=3

=]
1

helix a2, are displayed as squares, triangles, and circles,
respectively. Comparison shows tlla#(0) is most readily
interpreted, with the low value for Gi§indicative of high-
frequency motions. The values for Ptpand ll€® are
approximately equal to the average for villin 14T, suggesting
these positions mostly move with the rest of the molecule.

9 100 110 120 WR Estimating Proton-Proton Contributions to Relaxation.
With the estimates of the spectral density functions from the
reduced map, the full map has been examined in more detail.
In addition to the spectral densities, the full spectral density
mapping produces a value for the protegproton relaxa-
tion contributions gfuvyi), which contributes to the rates
R4(HY), Ran(2HN,), and Rin(2HN,,). Based on the re-
duced map and the measured values of these rates, estimates
L - for puvi can be calculated on the basis of egs 6, 3, and 4.
These various estimates fa,i can be compared with each
other and with an estimate based on the difference between
rates in deuterated and undeuterated samples (Markus et al.,
1994c) to identify inconsistencies in the set of measured rates.

510 20 o 4 5 60 70 8 9 100 110 120 WR The estimates fopyny are shown in Figure 5. The
Sequence average values, plus or minus the standard deviations, based

Ficure 3: Spectral densities based on reduced fit, using the dataon the rateS?H(HZN) and Ryn(2H:N,) are 7.54+ 2.08 st

shown in Figure 1A,B,E. (AJer(0). (B) J(w). (C) J(wn) = J(wr) and 9.71+ 2.40 s}, respectively, while the estimate based

= J(wn — wn) = J(wn + wy). In (B) and (C),J(wn) andI(wy) are . .
displayed against a shortengdis to emphasize that their values 0N Rin(2H:Nxy) is 17.3+ 7.2 5%, Although the estimates

are much smaller thadu(0). Notice, however, that the scales in based orR4(H)) and Rin(2HN,) are similar, the estimate

(E) ?n_d g(_l) ?re Zti” e>;1panded l;:ompgred to (A). ;’_helRMg? fOrr] based orR.n(2HNx,) is more than twice the value estimated

the fit is displayed as the error bars; bars are not displayed for the N : ;

smallest errors. The labels W and R along the sequence axis indicate]:rom R’.*(HZ)' Thﬁ value es“m?‘teo' by c;ompanson of the

the values for side-chain-NH groups, including Trd, Trpf, Args, relaxation rate of>N labeled villin 14T with the rate for a

Arg®, and Ard?”. The secondary structure is depicted above the deuterated,’>N,**C-labeled sample is 5.04- 1.84 s?

bar graphs, with open rectangles representifigelices and arrows  (Markus et al., 1994c). This value is more similar to the

representing strands Bfsheet. This analysis corresponds perfectly estimate based dﬁH(HN) Note that the estimate from the

to the measured rates. - . z/" .

deuterium study is expected to be somewhat low, since the

The reduced spectral density functions for three represen-level of deuteration was approximately 80% instead of the

tative backbone amides are plotted versus frequency in Figurel00% required for an accurate estimate.
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Ficure 5: Estimates of the proterproton contribution to the .
relaxation rates. (A) Estimate based on the proton longitudinal Of this parameter.

Markus et al.

spin rates in general presents more problems than the other
rates. For example, two-spin measurements show more
scatter in the exponential fits for the rates. Possible sources
of error include cross-correlation effects (Boyd et al., 1990;
Kay et al., 1992b; Palmer et al., 1992; Peng & Wagner,
1992a) and different contributions to the protgroton
relaxation due to the different preparation of the non-amide
protons during the pulse sequences. Improved measurements
of two-spin relaxation rates are currently under investigation.
Model-Free Analysis. The nitrogen longitudinal and
transverse relaxation rates and the heteronuclear NOE
enhancements (Figure 1A,B,E) were also analyzed in the
context of the model-free approach. To fit the rates and
heteronuclear NOE enhancements to the model-free formal-
ism, an estimate of the overall correlation time for tumbling,
Tm, IS required for the grid search to converge. The overall
correlation time can be estimated from the ratio of the rates
Ru(N2) (eq 1) andRy(Nx,) (eq 2) by neglecting the exchange
contribution and assuming the model-free form for the
spectral density functions (eq 14) (Kay et al., 1989). Only
ratios within one standard deviation of the mean are
considered initially to eliminate amide groups which require
more extended models for fitting. This approximation gives
a value of 9.3 ns over 95 amide groups. Reducing the
number of groups considered further, to the 60 with ratios
closest to the mean, did not change the estimate significantly.
During the grid search, the molecular correlation time is
optimized. Optimization drove the value to 13t50.2 ns.
When the model-free approach was proposed, the authors
pointed out that the fit fo& andz. is not very sensitive to
the value chosen far, (Lipari & Szabo, 1982b). However,
sincery, has immediate intuitive meaning, it is often quoted
as a result in relaxation studies of proteins. The range of
values calculated for villin 14T (9-310.5 ns) points to the
danger of ascribing too much significance to the precise value

relaxation rates. (B) Estimate based on the relaxation rates for With a value forry,, & andre are optimized until the input
longitudinal two-spin order. (C) Estimate based on the relaxation data are satisfactorily fit on the basis of spectral densities of
rate for nitrogen antiphase to proton. These estimates are based Ofhe form in eq 14. A satisfactory fit was taken to be one
egs 63 and 4, using the value_s from the reduced fit for the spe(:tralth ¢ d dth tes t ithin 10% of thei . tal
densities. The errors were derived from the Monte Carlo errors for tat reproduced the rates to within 10% of their experimenta
the rates and spectral densities. The labels W and R along thevalues and the heteronuclear NOE enhancements to 20% of
sequence axis indicate the values for side-chairHNgroups, their experimental values. The data for 72 out of 128 amide
including Tri?, Trp, Arg®, Arg®, and Arg®”. groups could be fit with the original model-free formalism
) ] by this criterion. Data for 35 more amide groups could be

The comparison of the estimates faun suggests that it with the extension of the model free formalism that
the antiphase relaxation rate has additional UnaCCOUntedconsiders fast motions on two Separab'e time Sca|eS, de-
contributions, since itgpwvyi is strikingly higher than the  scribed in eq 15. Data for 7 more could be fit with the form
others. In the full spectral density mapping, if the measured of the spectral density function from eq 14 plus explicit
value of Run(2HNyy) is replaced with a calculated value  consideration of the exchange contributiomRigNy,). When
based on the reduced spectral densities and gihe the acceptance criterion for the heteronuclear NOE enhance-
estimated fromRy(H",), the J(ww) terms assume small  ment was relaxed to agreement between calculation and
positive values. J(ww) has the largest magnitude for the experiment to 80%, data for 1 more residue could be fit with
unphysical negative high-frequency density components in the original model-free approach, data for 7 more residues
the full map. However, the other high frequency components could be fit with the extended model-free approach and data

remain negative. When the measured valueR@f{2H,N,)
are also substituted with calculated ratdg + wn) and
J(wn — wy) assume small positive values similarXavy).
Therefore, the rateBy(N,), Ru(Nxy), andR4(H,), together
with the heteronuclear NOE enhancements, produce reasonfor all *H—°N groups are summarized in Table 1, provided
able values in the full spectral density map and form a in the supporting information.

consistent set of observations. Comparison of the calculated For many of the amide groups, was optimized to a value
and measured values suggests tRai(2HNy,) contains
errors approaching 30% whikx(2H:N,) may have errors
near 20% of its measured value. Measurement of the two- free approach is based on the assumption that motions slower

for 3 more with an explicit exchange term. Data for 3
residues were not fit well by any of the three approaches.
Representative fits are shown for the backbone amides of
Trp?, Gly®8, and ll€° by the curves in Figure 4. The results

approaching or exceeding, Although these values repro-
duce the measured rates, the interpretation of the model-



Local Mobility within Villin 14T Biochemistry, Vol. 35, No. 6, 19961729

than the overall tumbling will be averaged out, leaving only 80
fast internal motions. The model-free parameters are only
reasonably accurate farre < 0.5 andS® > 0.01 (Lipari &
Szabo, 1982a). The large valuestefor some residues in
villin 14T suggest that the time scale for internal motionsis = _

not sufficiently distinct from the overall tumbling to be fit & g 60- o
accurately. Considering only values $ffor amide groups g2=

with 7e < 10 ns, the average value is 0.80, in line with values =
for staphylococcal nuclease (Kay et al., 1989) and interleukin
153 (Clore et al., 1990b). The range is from 0.131 to 0.999.

504

Significantly lower order parameters are observed for the 40 : I :

turn between strand84 andg5, the turn betweew3 and 0 3000 6000 9000 12000
stra_ndﬂ?, at t_he carbc_)xyl terminus, and for thg arginine side Spin lock field strength

chains, consistent with the trends observed in the rates. (hertz)

~ The model-free approach is based on the assumption offgyre 6: RateRy(H,,) as a function of spin lock for Lél The
isotropic tumbling by the protein, described by one correla- rates, measured at five different spin-locking field strengths, are
tion time. However, on the basis of the structure of villin plotted as boxes. Error bars show the estimate based on 500 Monte
14T, the ratio of the principal moments of inertia of the Carlo simulations of the rate calculations. The solid line shows the

o - . t fit curv n 16 fit the Leven rquardt
domain is 1'_73:1'55:1'00' One overall correla’qon time _has glegsorithr(r:1l.J Tﬁé E;S:go?wstgﬂt fgr thengcheangeeprggggsas?gfle(gted in
proven sufficient for other globular but not spherical proteins, the rate's dependence on field strength is 3269 us.
such as staphylococcal nuclease (moments of inertia ratio
1.39:1.31:1.00; Kay et al, 1989) and HIV-1 protease Sef, Lys’, Val’, Thré, Lys!°, and Led?) and residues in helix
(considered an oblate ellipsoid with axis ratio 1.6:1.0; a2 facing helixal (Tyr®%, Thil, and Met4). Since the
Nicholson et al., 1995). It remains to be seen if explicit sample contains protein molecules with and without the
consideration of the shape of villin 14T, known from injtiator methionine residue, the presence of two types of
structural studies (Markus et al., 1994a), would produce more molecule has been offered as a possible explanation for two
reasonable values fat in the model-free formalism. sets of peaks (Markus et al., 1994b). However, a slow

Ru(H,2) as a Function of Spin-Locking Field Strength To conformational exchange between two orientations within
Examine Exchange ContributionsAn estimate of the individual molecules is another possible explanation, con-
exchange contribution tBy(Nx,) can be obtained from an  sistent with slow exchange at L8u So far, the pattern of
extension of the model-free approach, described above.NOE cross peaks for both forms is similar, suggesting that
Exchange processes can also be studied directly by examinthe structures are similar. Therefore, a putative conforma-
ing the dependence dR«x(X,;) on the spin-locking field  tional exchange would likely involve a small reorientation
strength (Deverell et al., 1970; Szyperski et al., 1993). For of helix al.
typical spin-locking fields in the kilohertz range, processes
on the microsecond to millisecond time scales can be DISCUSSION
examined. To extend the information from the nitrogen
relaxation rates, we measured the transverse rates for amide For villin 14T, the best formalism for analyzing the rates
protons as a function of spin-locking field strength. For most IS apparently the reduced spectral density map. The reduced
of the amide groups, the rate was independent of the spin-spectral density map has the same advantages as the full
locking field over the range of field strengths explored. On Spectral density mapthere are na priori assumptions about
the basis of eq 16, the null result can be due to the absencdhe motions in the system. The motional data can be
of exchange processes on this time scale or the lack of aextraCtEd from the rates without regard to mOdEL making it
significant chemical shift difference between the exchanging available to test the validity of different models. In exchange
states. For Tﬁr there was some dependence on the Spin_ for one aSSUmptiOﬁthat the SpeCtraI denSity function at hlgh
locking field strength, but the peak is too broad and weak to frequencies is small enough thé(wy), J(wn — wy), and
significantly estimate a time constant for exchange. J(@n + wn) can be set equatthe reduced spectral density

The most striking results, for L&Y are shown in Figure ~ Map requires only three measurements. For example, in this
6. On the basis of a Levenburg/larquardt fit to eq 16, the ~ Study _the reduceql spectral densities have be_en calculated
exchange time constant for LEts 125+ 69 us. Experi- from nitrogen longitudinal and transverse relaxation rates and
mental observation of an exchange process acting atLeu the heteronuclear NOE gnhancements. Inaccuracies in the
is consistent with Leli's appearance as a broad, weak peak Measurement of two-spin relaxation rates, especialy- _
in 15N HSQC spectra. Furthermore, peaks for the adjacent (2HNx,), are not a problem for the reduced spectral density
residues AsfF and Ly$? have not been observed in any of Map.
our >N heteronuclear correlation spectra so far; it is possible  On the basis of the rates themselves, the model-free order
that the exchange process observed through'llmoadens parameter, and the zero-frequency component of the spectral
these peaks beyond detection. The backbone positions withdensity function, the same trends in mobility along the
evidence for slow conformational exchange, as well as the backbone of villin 14T emerge. For high-frequency motions,
positions with missing amide assignments, are indicated onthe spectral density functions report most directly. High
the structure in Figure 7A. This evidence for slow confor- frequency, at the field strength used for these experiments,
mational exchange in the hinge joining hetit to the rest is approximately 500 MHz. This translates into a time scale
of the protein reopens the question of the source of pairs of for motion on the order of nanoseconds. Motions faster than
peaks for certain residues (Markus et al., 1994b). Pairs of any overall tumbling will also be sampled, into the pico-
peaks have been observed for residues in helix(Lel?, second time scale. For low-frequency motions, conforma-
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Ficure 7: Defocused stereo representations of the backbone ribbon of villin 14T. (A) Backbone positions involved in slow conformational
exchange, based d®4(H,,) as a function of spin lock. The base color for the ribbon representation of villin 14T is blueaftii_ed?,

which show a dependence on spin-lock field strength, are color-coded yellow? dwp Ly<3, which lack backbone amide assignments,

are shown in red. (B) The pattern of mobility inferred from the transverse relaxation rates for backbone amide nitrogeRniNgIg]. [

For positions with rates near the average value, the ribbon is colored blue. For positions with rates above the mean, the ribbon becomes
dark blue, pink, and then white as the rate increases to one, two, and three standard deviations above the mean. For positions with rates
below the mean, the ribbon becomes light blue, green, and then yellow as the rate decreases to one, two, and three standard deviations
below the mean. High rates [purple, pink, and white (not seen)] are indicative of exchange processes and reflect motion on the microsecond
to millisecond time scale. Low rates (blue-green, green, yellow) reflect fast motions, on the picosecond to nanosecond time scale. The side
chains for Trp, Trpf4, Arg5L, Arg%, and Ard®’, whose mobility is also probed in nitrogen relaxation measurements, are shown and color-
coded appropriately. For Afg the nitrogen transverse relaxation rate could not be measured due to overlap, so the side chain is shown in
black to identify its location. (C) Bundle of 12 distance geometry structures, calculated using a revised and expanded restraint list, including
1321 NOE restraints. The regions with the most variation in the bundle of structures correspond qualitatively to the regions with evidence
of mobility in (A) and (B). In all three panels, numbers indicate end points of elements of regular secondary structure and serve as references.
This figure was generated with Insightll from Biosym Technologies, San Diego, CA.

tional exchangeR,, Rl reports most directly. Measure- chains, with a solvent-accessible surface area over an
ments ofR. or R through spin-locking experiments probe €nsemble of 12 distance geometry structures of-GE5 A?

motions on the microsecond to millisecond time scale. ~ Versus 154t 14, 160+ 16, and 141+ 12 A2 for the others.
One rate has large contributions from balt0) and Arg?and Arg® are conserved among actin-monomer binding
R.—the nitrogen transverse relaxation raRu(Nx,)]. To repeats 1 and 4. AP§ participates somewhat in the

summarize the patterns of mobility in villin 14T, this rate Nydrophobic core between the cenfasheet and the small
has been used to color-code the structure in Figure 7B.Parallelf-sheet. The analog of Afgin gelsolin segment 1
Residues with large values @¥y(N,,), indicative of ex- makes a hydrogen bond to actin in the complex (McLaughlin
change, are color-coded dark pink to white in Figure 7B. €tal, 1.993)- N _ y
Note that none of the backbone positions appear white Relating Mobility to Function.Do the patterns of mobility
because none of the rates are more than two standardcorrelate with regions involved in functions of this domain?
deviations above the mean. Conformational exchange occurd=or example, an empty binding site might be expected to be
between strand81 andj32 and between strangi2 and/3. more flexible than the rest of the protein, as seen for the
Residues with small values &(Ny,), indicative of small calcium-binding protein, calbindin §) (Akke et al., 1993).
J(0) and therefore high frequency motions, are color-coded This flexibility could contribute to the fit with ligand, since
green to yellow in Figure 7B. Fast motions occur at the the cost of the entropy loss upon binding would be offset
amino terminus, between strangié ands5, between helix by favorable energetic interactions. There are two calcium-
a3 and strangg7, and at the carboxyl terminus. In general, binding sites within villin 14T. At the weaker calcium-
mobility is evident in turns on the surface of the domain. binding site, ligands are most likely provided by the side
The hydrophobic core of villin 14T shows relatively uniform Chaln o_f A§[§5 e}nd the backbong carbonyls of_ Bend Ald?,
relaxation rates, suggesting uniform motions. These trendswith missing ligands from actin (McLaughlin et al., 1993;
in mobility correlate qualitatively with the regions of highest Markus et al., 1994a). These residues are located at the
RMSD per residue for the ensemble of 12 distance geometrycarboxyl terminus of helibx2. These residues show little
structures calculated for villin 14T, shown in Figure 7C evidence for local backbone motion, suggesting a preformed
(Markus et al., 1994a). calcium-binding site. The stronger calcium-binding site
15N relaxation measurements also provide information involves side chains from Agp and GIu® as well as
about mobility at tryptophan and arginine side-chain posi- backbone carbonyls from Gfand Val?, based on com-
tions, shown in Figure 7B. Tpand Trg* are on opposite  parison with gelsolin and calcium titration experiments
sides of the centrgB-sheet. Trf# is strongly conserved ~ (McLaughlin et al.,, 1993; Markus et al., 1994a). ¥al
among all actin severing domains and packs into hydrophobicshows evidence of high-frequency motions. Although it is
residues in helixa3. Trp? is only conserved among the not clear if this mobility is functionally important or an
actin-monomer binding domains, found at repeats 1 and 4artifact of truncating the domain, calcium-dependent reor-
within the actin severing proteins. It interacts with side ganization at the carboxyl terminus of the domain would
chains from helices1 anda?2 to form the hydrophobic core  influence the orientation of the first domain relative to the
on the other side of the sheet. Both tryptophan side chainssecond domain and could provide a mechanism for calcium
show relaxation rates close to the average for the measuredegulation of the actin-binding activity. Different cleavage
positions, suggesting that in general they move with the core patterns between domains have been observed in the presence
of the protein. Trp consistently shows lower rates and or absence of calcium for villin (Bazari et al., 1988). One
higher heteronuclear NOE enhancements tharf“Tgug- caution for interpretation of the mobility in the calcium-
gesting that it might be slightly more mobile. This is binding sites is that the NMR studies have been done at pH
consistent with the observation that Trpas slightly more ~ 4.15. Judged b¥N HSQC spectra, the low pH form of the
solvent-accessible surface and shows more variability in protein resembles the calcium-loaded form, and the related
solvent-accessible surface over an ensemble of distancddrotein, gelsolin, binds to actin with similar affinity whether
geometry structures than Py5.0 + 3.7 A2 versus 1.8+ at low pH without calcium or at higher pH with calcium
1.2 A?2). As for the arginine side chains, rates and hetero- (Lamb et al., 1993). Another caveat for interpretation of
nuclear NOE enhancements for Atgre more similar to  the relaxation data is that additional mobility may be present
the core of the protein while rates and heteronuclear NOE at time scales other than those probed by NMR (picoseconds
for the others (Arff, Arg®, and Arg®) follow the trends  to nanoseconds and microseconds to milliseconds).
for the unrestrained termini, sometimes suggesting even more Villin 14T also binds to actin monomers. On the basis of
mobility. Arg??is more buried than the other arginine side the cocrystal structure of gelsolin segment 1 (McLaughlin
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et al., 1993), residues corresponding to 1,ebef, Met®,
Glu??, Tyre3, GIn'%, 1le’®, Thr®2, GIn®3, GIuPé, GIn®4, Arg®,
and Met? in villin 14T participate in either hydrophobic
interactions or hydrogen bonds with actin. Residues 71
88 form helixa2, which shows rates and heteronuclear NOE
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Evidence for motions in the actin-contact residues includes

high values ofRy(Ny,) for Met?®, indicative of some slow
motions at that position, and low valuesRxf(Nx,) for Met'2>
and the Ard® side chain, implying fast motions at these
positions. Fast motions for M&b at the end of the peptide
chain may be an artifact of the isolated domain in solution.
Overall, the lack of motion along the actin-binding site

M. (1990b)Biochemistry 297387-7401.
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indicates that the site is preformed, complementary to actin Grzesiek, S., & Bax, A. (1993). Am. Chem. Soc. 1132593~
even when the domain is free in solution. The nanosecondJanmey]'P. A., & Matsudaira, P. T. (1988) Biol. Chem. 263

to picosecond mobility in the side chain for Afguggests

that side-chain adjustments are important for interaction.

Recent developments in relaxation measurement usitig
(Yamazaki et al., 1994) hold promise that techniques will
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be developed to measure mobility at additional side-chain Kay, L. E., Nicholson, L. K., Delaglio, ., Bax, A., & Torchia, D.

positions.

15N and 'H relaxation measurements provide a better
understanding of the dynamic actin-severing domain, villin
14T, alone in solution. More detailed understanding of the
importance of mobility for function will come with additional
studies on mobility in complexes of villin 14T with calcium
and possibly actin or actin peptides.
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