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ABSTRACT. The DNA binding domain (residues-65) of the yeast transcriptional activator GAL4 is only
partially folded. While residues 121, the DNA recognition domain, form a well-defined structure in

the free protein, the whole polypeptide folds up and dimerizes upon binding DNA. In order to describe
the mobility of the protein, we have characterized the frequency spectrum of the motiorg-bbbdhd
vectors of GAL4(1-65) using a reduced spectral density mapping approach (an approximation of the full
spectral density mapping technique) [Peng, J. W., & Wagner, G. (1992gn Reson98, 308-332;

Peng, J. W., & Wagner, G. (1992Bjochemistry 318571-8586]. 15N spin—Ilattice relaxation Ry(N)],
spin—spin relaxation Ru(Nxy)], cross-relaxationfn(H, — N)], two-spin order Rvu(2HN)], and antiphase
[RnH(2H N y)] rates were determined for 52 of the 65 backbone amide groups & EHhd pH 6.5 at

11.74 T. Calculations of the spectral density functions using a reduced Bg(Ny), Rn(Nxy), Ru(Hz —

N_), andRyn(2H:N,) gave excellent agreement with those calculated using all six sets. The reduced method
has the added advantage that the errant behavior seen at high field values is circumvented. A linear
correlation was found betweelfwy) and J(0) with a limited and clearly defined range &f0) values

which defines the range of rates for internal motions in GAE4%). It appears that all residues experience

a combination of two movements: one of the overall tumbling (correlation time, 8.65 ns) and the other of
fast internal fluctuations of the structure. The respective weights of these contributions vary with the
primary sequence and faithfully mirror the secondary and tertiary elements of the protein. The position
on the correlation line od(wn) versusJ(0) indicates the amount of angular averaging relative to the
overall motion of the protein. A spectral density function for internal motions can be described.

Increasingly, two-dimensional (2D)nuclear magnetic  al., 1977; Richarz et al., 1980) or the so-called “model free
resonance (NMR) is being used to study the dynamics of approach” of Lipari and Szabo (1982a,b). Both approaches
proteins (Wagner, 1993). Among the motivations for these make an a priori assumption about a simple functional form
studies are to search for correlations between structure,of the spectral density functiod(w), depending on some
dynamics, and function [e.g. Karplus and McCammon (1983) parameters, such as an overall rotational correlation time,
and Frauenfelder et al. (1988)] and to investigate the effectt,, an order parameter¥, a cone opening angle, etc.
of internal motion on NMR structure calculations. NMR Recently, Peng and Wagner (1992a,b) have described a more
relaxation is ideally suited to probe, on a residue by residue direct approach in which the spectral density functions are
basis, the vast range of molecular motions spanning pico-evaluated at select frequencies independent of a motional
seconds to hours [see for example Tycko (1994)]. Until model or an analytical form of the spectral density function.
recently, these motions were probed by measuring the threeln this approach, it was proposed to measure more relaxation
relaxation parametef®, T, and NOE for the backboriéN parameters in addition t6;s, T1s, and NOEs. Originally, it
and*3C nuclei; then the experimentally measured relaxation was proposed to measure in addition the relaxation rate of
times were used to fit the parameters of a model. Among longitudinal two-spin order, transverse relaxation rates of
them were the “wobbling in a cone” model (Kinoshita et antiphase coherence, and the proton sgattice relaxation
rate. This approach was called the spectral density mapping
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Ficure 1: (A) Amino acid sequence of GAL4{165). Phe66 is a cloning artifact and not part of the wild-type sequence. Residues in bold
represent the part of the protein that is folded in free GAE4R) in solution. Sequences underlined represent the three helices observed

in the crystal structure of the GAL4{165) dimer bound to DNA (Marmorstein et al., 1992). (B) Ribbon diagram of GAE43) in the

crystal structure of the DNA complex. The residues at the ends of the helices are identified with sequence numbers. (C) Stereoview of
an ensemble of 22 NMR models of GAL4{65) representing the solution structure of the free protein. The backbone of residdigs 1

is shown. The well-defined part extends from Q9 to Y40.

Here, we have applied this technique to the N-terminal the free protein, we call it DNA recognition domain, consists
DNA binding and dimerization domain (residues@5) of of two short helices from Aspt2Leul9 and Lys36Trp36
the transcriptional activator GAL4 which regulates galactose (Baleja et al., 1992; Kraulis et al., 1992; Shirakawa et al.,
catabolism in the yea8accharomyces cersiae (Bram & 1993). They pack against two central zinc ions to form a
Kornberg, 1985; Giniger et al., 1985; Johnston, 1987a; Careybimetal-thiolate cluster using the six conserved cysteines.
et al., 1989) and carries out several functions associated withEach of the stretches of residues-2 and 2739 forms a
the different regions of the polypeptide chain with the DNA similar a-helix/tight turn/extended chain structure. As a
binding localized in residues-165 (Kegan et al., 1986; result, their backbone atoms can be superimposable to within
Johnston, 1987b). The N-terminal fragment under study 0.89 A, suggesting an internal 2-fold symmetry. The first
(residues 165) is monomeric in solution but binds as a eight residues and residues C-terminal to Lys43 have very
dimer to each 17-base pair (bp) palindromic consensuspoor chemical shift dispersion in the homonuclear 2D data
sequence of the eleven known GAL4 binding sites (Giniger sets, show very little long range NOESs to other parts of the
et al., 1985; Bram & Kornberg, 1985; Fedor et al., 1988). protein, and have chemical shifts close to random coil values

Free GAL4(1-65) in solution is only partially folded. The (K. T. Dayie and G. Wagner, unpublished results).
three-dimensional solution structure of the free amino  The studies described here focus on the relative mobility
terminal (1-65) fragment as determined by NMR (Baleja within free GAL4(1-65) using**N relaxation experiments.
et al., 1992) indicates that residues4D form a compact, = We were motivated to investigate this apparent disorder seen
globular metal-binding domain while the first nine residues in the free solution form with a view to establishing whether
and the residues C-terminal to Ser41{45) are disordered this disorder is due to greater mobility of these regions or
(Figure 1C). On the other hand, the whole polypeptide folds simply due to a lack of experimental constraints or both.
up and dimerizes when binding DNA (Figure 1B). The We have measured all six relaxation parameters to analyze
amino acid sequence of Gal4{65) is shown in Figure 1A.  the frequency spectrum of internal dynamics in the DNA
Residues that formo-helices in the crystal structure of binding domain of this GAL4 fragment. We found that the
GAL4(1-65) in the complex with DNA (Marmorstein et  power spectral density functions at different frequencies are
al., 1992) are underlined. The fragment that is folded in correlated and the positions on the correlation diagram are
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characteristic for the degree of angular averaging relative to The uncertainties, due to random errors, in the measured

the overall motion of the protein. We find a well-defined

heights were determined from Monte Carlo simulations. The

range ofJ(0) values which defines the range of time constants relaxation rate constants were obtained from nonlinear fits

of internal motions in GAL4(%65).

EXPERIMENTAL PROCEDURES

Protein Sample PreparationThe DNA binding domain
of GAL4 was overexpressed in thigscherichia colistrain
XA-90 from a plasmid vector carrying the gene conferring

to monoexponential functions using the Levenbtikéar-
quardt algorithm (Press et al., 1988) as described previously
(Peng & Wagner, 1992b).

RESULTS AND DISCUSSION

Use of a Reduced Spectral Density Function Defined at

ampicillin resistance and the coding region of the N-terminal 0, >N, and'H Frequencies.The relaxation mechanism for

65 residues of GAL4 under the control of ttee promoter.

NH spin systems arises from the local time-varying magnetic

This construct carries the first 65 residues of GAL4 and an fields generated at théH and >N nuclei due to global
additional Phe (F) introduced as a 66th residue by a cloning tumbling and internal mobility of the various-"H bond

artifact [originally described by Carey et al. (1989)]. Experi-
ments were performed on a 1.5 mM sample at pH 6.5.

NMR SpectroscopyAll NMR spectra were recorded at

283 K on a Bruker AMX 500 spectrometer. Following
earlier protocols (Peng & Wagner, 1992a,b), the following

vectors. The frequency spectrum of the rotational motions
of the N—H vector in a single molecule relative to the

external superconducting magnetic field is given by the
Fourier transform of the spherical harmonics describing the
motion, the spectral density functions. This spectral density

six relaxation parameters were measured for the backbondunction describes how the dipetelipole and CSA energy

N—H vectors of the GAL4 DNA binding protein. The
longitudinal >N relaxation rateRy(N,) was obtained with
eleven parametric delays of 20x2, 100, 120, 200, 300,
400, 500, 700, 800, and 3000 ms. For the in-ph&sk

transverse relaxation rai(Nyy), nine delays of 4, 8, 20,

of interactions between N and H is distributed at the five
different angular frequencies: @y, wy + wn, wh, andwy
— wn. As has been shown earlier (Peng & Wagner,
1992a,b), the set of six relaxation rat&gN;), Rn(Nxy), Rn-
(Hz:— Np), Run(2NH7), Run(2NyyHy), andRy(H,) allows the

32, 48, 80, 112, 144, and 200 ms were used. The hetero-unambiguous calculation of the spectral density functions

nuclear cross-relaxation rate constaRtgH, — N, (*H—

N heteronuclear NOE) were obtained with two spectra

J(w) via the equation (Peng & Wagner, 1992a)

recorded with 3 s of proton presaturation and two others Ry(N,) 0o A E 0O ©6A
without presaturation. The antipha®®&l transverse relax- 2E A E 3A  3A
ation rateRuyn(2HNxy) was obtained with ten delays of 2, Ru(Nyy) 3 2 2
10, 20, 40 (), 60, 80, 120, 160, and 200 ms. Forthe decay (Ru(H.~N) | _[2E A E o0 |
rate of the longitudinal two-spin ord&yu(2HN,), delays Ruyn(2NH,) 3 2 2
of 2, 10, 20, 40 (), 60, 80, 120, 160, and 200 ms were |Ry, (2N, H,) 0 O E 3A O 1
used. For the longitudinal amide proton splattice relax- Ry(H,) 0 A 0O 3A 6A 1
ation rateRy(H,), thirteen delays of 20, 30, 40, 50, 60, 70, 0 -A 0 Q@ 6A O
80, 90, 100, 110, 120, 130, and 150 ms were used. J(0)

In general, the relaxation rates were measured in a series J(wy)
of heteronucleatH—1°N correlated spectra using an INEPT Hw—wy)
at the beginning and a reverse INEPT at the end of the ) (1)
sequence to enhance sensitivity. Details of the pulse J(wHN + oy
sequences have been described previously (Peng & Wagner, HN N
1992a,b). Each 2D data set consists of 2048 real data points PHNHi

in t, for 128t; blocks with the>N sweep width set to 1500

Hz. Thirty-two transients pet; increment were recorded  whereA = y2yh%4ryaé, B = A20n¥3, andE = 3A +
with 64 dummy scans acquired prior to the start of each B. For a CSA value oA = —160 ppm (Hiyama et al., 1988)
experiment for all the measurements except for{t& 15N and in internucleat®™N—!H bond distance ofy.n = 1.02 A
NOE experiments which used 128 scans pancrement. (Keiter, 1986), the constanfsandB become~ 1.3 x 10°
Quadrature phase detection in tA8N dimension was  and 0.9x 1° (rad/s¥, respectively, at 500 MHz. The right-
achieved by the time-proportional phase incrementation hand column vector consists of the unknod) samplings
method of Marion and Vithirich (1983). The total acquisi- that can be solved for.

tion time for the longitudinal relaxation raféN and NOE Equation 1 represents the situation where no chemical
experiments was typically-24 days and 1 day for the other exchange contributes to the transverse nitrogen relaxation
relaxation series. All 2D data sets were processed on bothygtes. Depending on the way the transverse relaxation rates
SU_N SLC and_IRIS 4D-35 workstations using the program Ru(Nx,) and Rui(2Ny,H,) are measured, slow exchange
Felix 2.05 provided by Dennis Hare (Hare Research, Seattle).petween different states may artificially increase these rates
Sixty degree-shifted sine-squared window functions were it for example, a CPMG-type experiment is run without
applied to each free induction decay (FID), zero-filled to limiting the interpulse delays t&d < 1, wherek is the
8192 real points prior to Fourier transformation, and then exchange or scalar relaxation rate constant&slCPMG
strip transformed in the recorded dimension. spin echo time (Bloom et al., 1965). To avoid these
Cross-peak intensities of the 2D spectra were determinedcomplications, we measured these rates with spin locks of
from peak heights integrated along tHé(F;) dimension. the nitrogen coherence. If a sufficiently high spin lock power
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is available and the nitrogen carrier is placed on resonance, -3 3 9

these artifactual exchange contributions to the transverse AE 2E 10E

relaxation rates can essentially be eliminated. Following the c .= 1 0 7 (3a)
procedures of Deverell et al. (1970), exchange contributions red3" |E 5E

to the transverse relaxation rates can be identified with 0 0 1

measurements at variable spin lock field strengths (K. T. 5A

Kayie and G. Wagner, in preparation). From the extrapola- N

tion to infinite B, field strength, the transverse relaxation ~ Additionally, one of the ratesun(2NxyHz), Run(2N:H,),
rates can be separated from exchange contributions which@" Ra(Hz), could be used. Any of these rates is dependent

are therefore not considered in the following treatment. ~ ©n the relaxation by dipolar interaction between non-amide
protons and protons directly attached to the nitrogen (Peng

& Wagner, 1992a,b). We call the relaxation vector that
‘contains the additional relaxation rad.q4 Analogous to
eq 3, the spectral density function is given by

A characteristic feature of the spectral density function is
that the integral over the whole frequency range is a constant
This follows from the conservation of the total mean dipole
dipole and CSA energy available to an ensemble of
independent molecules. As a result, the density of the J . =C . 'yR (4)
frequency of motions is shifted toward lower frequencies red4 - “red4 red:4

for slowly tumbling molecyles, i.e. Iarger-sized macromol- Jred.4NOW coNtains the same termsg; swith an additional
ecules. As has been confirmed experimentally by the recentsy 1, term p which is the dipolar interaction with other

calculation of the spectral density function observed fetN 5 514ns contributing to the relaxation of the amide proton

vectors in lin C (Peng & Wagner, 1992a,b), at high .
ectors in eg (Peng agner, a,b), at high (peng & wagner, 1992). The coefficient matrix is similar

frequencies (around 500 MHz), the spectral density function . CreqaWith an extra row and column. For exampleRif-

is theoretically quite flat. This slow variation dw) around (2NH,) is added to the three previous relaxation rate
the proton frequency (at 300, 500, and 600 MHz) suggests -gnstants. we have

that it might be possible to equate the three values of the

spectral density function aby — wn, wn, andwy + oy 0 E 7A 0
into an average value, expressed hereaftédfyy)] Thus, 2E E 13A
three different relaxation rates are sufficient to determine Ces=|3 2 2 0 (5)
the three values of the spectral density functid®, J(wn), ’ 0 0 BA 0
andJ(wy) Alternatively, more relaxation parameters could 0 E 3A 1
be measured, and the values of the spectral density function
at the three frequencies could be obtained from a least -3 3 9 0
squares fit. 4E 2E 10E
Reduced Spectral Density Function from Less Than Six 1 0 -1 0
Relaxation ParametersWhen the reduced spectral density Creq 4*1 =|E 1 SE (5a)
function is to be determined from three relaxation rates, one ’ 0 0 — 0
has the obvious choice d#(N,), Ru(Nyy), and Ry(H, — ZA
N,). Such a combination of rates has the advantage that it -1 0 c 1

is independent of proton relaxation due to dipolar interaction

with other protons. Alternatively, all five nitrogen relaxation rate constants
If Jrea3is made the column vector containing the three can be used in a least squares fitting procedurer il the

values of)(w) andRq43the vector containing the classically column vector containing the five nitrogen relaxation rate

measureRy(Nz), Ru(Nxy), andRy(H; — N7), the matrix of ~ constants, in the same order as in eq 1 without the proton

coefficients,Creq 5 relates the two via the equation relaxation ratdRy(H,), the spectral density function is given
by
Rred,3= Cred,3 X ‘Jred,3 (2) . 1 ;
Jreas= (C x C) " x (C x R) (6)
or explicitly
where
Ru(N,) X £ aealf O E 7A 0O
Ru(Ny,) =13 2 J(wy) (2a) 2E E 13A 0
Ru(H,— Ny o o s5a/\Pey 3 2 2
c=|0 0 R 0 (7
where Creq3 the matrix of coefficients, is calculated by 0 E 3A 1
replacing each of the spectral density valiléen+wn), 2E % % 1

J(wn), andJ(wn—ww) with the averaged valug(wy)Hand 3

Jred,31S calculated by simply inverting eq 2: and'C is the transpose .

1 Test of the Reduced Spectral Density Approach with
Jied3= Creas X Rieqs ) Synthetic, Randomly Shaped Spectral Density Functidres.
use of the reduced spectral density function was tested by
with construction of various spectral density functions randomly
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Ficure 2: Plots of calculated versus model values of randomly shaped (see text) spectral density functions. Open circles are the values
calculated with the direct method (eqs 3 and 6), and crosses represent values obtained with the least squares method (eq 8). Plots are
shown for the spectral density function values at (a) 0,«fh) and (c)lwyOand (d) for the proton longitudinal relaxation rate The

dashed line represents a line with slope 1.

shaped, with the only constraint that the function should the valuelJ(wy)Oonly depends on the cross-relaxation rate
decrease monotonically, subject to the following conditions: constants Ry(H, — N)], as can be seen from eqgs 5 and 7.
This dependency has been reported independently by Farrow

0<J0)<4x10° et al. (1995b). The good correlation that we observe for
[J(wn)Othen becomes obvious, 8&vy+wy) is dominant in
0 < Jwy) < J0)/2 the cross-relaxation rate constant. This probably explains
why we do not observe an obvious correlation between
0 < Jwytwy) < Hwy)/10 (8) D(wn)TandJ(ww) or J(wy—wy) (data not shown). Note that
Dav(wn)Oused in this work corresponds to thi&vn+wn)
0 < Jwy) < Hwytwy) of Ishima and Nagayama (1995a) a¥{0.87w;) of Farrow
et al. (1995b). Also, the assumption thitv) 0 w2 for
0 < Jwy—wy) < Awy) the high-frequency components (Farrow et al., 1995b) is not

necessary if one useXwy+wy) for the spectral density
Ru(N2), Ru(Nxy), Ru(Hz — N), Run(2NH,), and Ruw- function at high frequencies. Calculations using either

(2NyyH;) were then calculated from thesgw) values, and  ghhr0ach yield identical results (data not shown).
the vectorslieq s Jreq,s @andJreqswere determined using eqgs . . . .
The behavior of the various calculations with respect to

3, 4, and 6. The results obtained on 100 randomly chosen ‘ . )
the corruption of the data by noise was tested using a Monte

functions are shown in Figure 2a. The correlations : _ ' ’
between the recalculated and the model value¥(@y and Carlo simulation. Some of the spectral density functions
J(wy) are excellent, no matter what method is used. The constructed as described above were chosen, covering a wide

values resulting from the direct calculationdy ;andJreq 4 range ofJ(w) values. Random Gaussian noise was added
are identical. The values dB(wy)Owhich correlate with to the relaxation rate constants calculated from each spectral
the highest value of the spectral density function in the high- density function. The maximum amplitude of the noise was
frequency rangd(ww+wy) are slightly overestimated by the  set to 5% for all relaxation rate constants except for the
method. This is expected if the spectral density function is proton relaxation rate (10%) and the cross-relaxation rate
not entirely flat but decreases in the high-frequency range which is calculated from the nuclear Overhauser effect and
(Peng & Wagner, 1995). Again, the values extracted from which was therefore assigned a maximum noise of 20%. A
Jred3andJreq 4are totally identical. It should be noticed that total of 100 noisy samples of the same data set were
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produced. The average values of the recalculaed and 7., G(t) decreases more rapidly than the exponential given
the standard deviation were determined. Typical results arein eq 10. Thus, the area under the correlation function and
given for one set of data in Table 1 of the supporting theJ(0) value decrease (see eq 12). Because of fast internal
information. motions in proteins,)(0) will always be lower than 2/5,

The calculation using a reduced set of relaxation rate and the range oJ(0) values has an upper limit in a protein,
constants Rreq 9 Which excludes the cross-relaxation rate given by the overall correlation time.
constantRy(H, — N gives very poor results. This is (iif) The area under the spectral density functit{w) is
because, in this case only, the valueé.Jtv;) Owhich is very constant and equal t6(0):
small is determined from a combination of large relaxation
rate constant values that are comparable in magnitudg. The f_w Jw) do = G(0) = 1/5 (13)
least squares method also does not perform very well in this ®
statistical test, giving fairly large standard deviations. One )
of the best results was given by the combinatiofRefN,), As a consequence, a decrease of3ffy) value is compen-
Ru(Niy), Ru(Hz — Ny), and Ruu(2NH,). The coefficient sated for by an increase of the vglue d(iv) at high _
matrix for this calculation is given in eq 5. In the following, fréquencies. The function is intense in the low frequencies
we use this set of four experimental relaxation rate constantsfor slow overall tumbling and flattens when the tumbling
to determine the spectral density functions for thehy ~ Tate Increases. _ _
vectors in GALA4(1-65). (iv) Due to the nature of our calculation, the value obtained

Theoretical Features of the Spectral Density Functions. for the spectral density function at zero frequency may
The sets of calculated(w) values are informative of the ~ CONtain an adiabatic contribution from motions which are
shape of the spectral density functions. In order to analyze slower than the overall tumbling of the molecule and lie in

these functions in terms of motion of the-Ml vectors. we the microsecond to millisecond range. In the presence of
consider the following points. fast intermediate chemical exchange, the transverse relaxation

(i) In flexible molecules such as proteins, the correlation 'at€ is increased by this exchange teRy, which modifies
function describing the motion of a vector is expected to be the calculated value of spectral density functid); thus
a composite function (Brooks et al., 1987). Internal motion
may increase the decay rate of the correlation function, but 7(0) = J(0) + 2Ry (14)
this motion is generally restricted and does not randomize 3E
completely the position of the vector. The overall tumbling
of the molecule ultimately brings the correlation function to E is defined in eq 1. To eliminate exchange contributions,
zero. As a consequence, the spectral density function is itselftransverse relaxation rates can be conveniently recorded
a composite function. If the various motions are not under spin lock conditions. The strength of the spin lock

correlated, one may expredgn) as a weighted sum: field, w1, determines to which extent the exchange contribu-
tions can be eliminated. For an exchange between two states,
Jw) = zaiJi(w) 9) A and B, characterized by the on and off ralgsand k-,

[ respectively, a resonance frequency differemoe and

h Jisth lina factor of th iral density funcii populationsP, andPg in the A and B states, the expression
wherea, is the scaling factor of the spectral density functions ¢ e (Sandstim, 1982)

Ji(w) characterizing each motion arlgia; = 1. Several
models ofJ(w), all based on eq 9, have been proposed 2 2
(Woessner, 1962; London & Avitable, 1978; Tropp, 1980: R, = A" AvPAPpTe (15)
Jardetzky, 1981; Lipari & Szabo, 1982a,b) which have % 1+(Tex001)2
various definitions ofg; and Ji(w).

(i) The valueJ(0) is equal to the area under the correlation
function G(t). For an isotropic Brownian motion, the
correlation function is a simple decaying exponential (Abrag-

am, 1961):

where k; + k_1)™! = 7 This equation is valid for a spin
lock field applied on resonance. AlternativeR, can be
estimated from a multiple spectrometer study as was recently
discussed in detail for eglin C [see eq 30 in Peng and Wagner
N t (1995)].

G(t) = s exr{— r_) (10) (v) In the analysis of the experimental values of the
K spectral density function, we will assume two main features.
First, the spectral density function for the overall motion is
well-represented by a Lorentzian, which means that the
correlation function can be approximated with a monoex-

with 7. being the correlation time. The corresponding
spectral density function is

2 T, ponential decay. This is not a severe assumption as the shape
J(w) = £ 2.2 (11) of the protein is not far from being globular. Second, internal
1+ o7 motions are expected to be fast such that the corresponding
. ) spectral density function is flat in the low-frequency range.
and its value at zero frequency is Hence, in the frequency range up to the nitrogen frequency
. (50 MHz spectrometer nitrogen frequency), it can be
J0)y=2 j;) G(t) dt = %/, (12) represented by a Lorentzian which is a flat function for small

correlation times. However, we will make no other assump-
If internal motion occurs on a time scale smaller than the tion on the shape of the spectral density function for internal
overall tumbling of the molecule which is characterized by dynamics. We will then decompose the spectral density
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function in two parts: one for the overall tumblidg(w) and H1 H2 H3
the other for internal motion made of several contributions a 12
Ji(w): i .'. N
10 . '.. . .'
J(w) = agdy(w) + zaj.]j(w) (16) . [ . o et
! ~ T - . B
2 R(NX.)
Measurements of the Relaxation Rate Constants and g ST L. e
Determination of the Corresponding Reduced Spectral -
Density Functions. As mentioned earlier, the solution a1 7 ..
structure of GAL4(1-65) (Baleja et al., 1992) indicates a [ R(Nz)
well-defined core which contains two helices separated by 2T o o™ L0 oo Sy e, 0
a large loop. These secondary structure elements are held R(Hz->Nz)
together by a cluster of two zinc atoms chelated by six 0222} 4 } RIS S e |
0 10 20 30 40 S0 60 70

cysteines. On each side of the core, the structured polypep-

tide chain extends only a few amino acids, with the result b °'3T o
that the first 8 N-terminal and last 23 C-terminal residues °
are unstructured. Figure 3& shows the six relaxation rate 02T o o °°
constantsin(N2), Ru(Nxy), Ru(Hz — Ny), Run(2NH;), Rnw- o ° o 09 o
(2NyyH,), and Ry(H)] that were measured for GAL4{1 ~ ool 0% @,
65). The location of the three helices in the crystal structure < o o
of the GAL4(1-65)/DNA complex (Marmorstein et al., & o
1992) is indicated on top of the figure. The part of the RE S o R(Hz->Nz)
polypeptide that is not folded in free GAL4{B5) is % °
indicated with broken lines. Figure 3a compaRgN,,), o1 oooo"dﬁ %0 °°°o°
Ru(Ny), andRy(H; — Ny) and illustrates the relative size of r & °°° P %
these rates. Whil&y(Nyy) clearly discriminates between ' o °
the folded and flexible parts of the proteRy(N,) does not. 0.0 } y t } t i ]
. . .. 0 10 20 30 40 S50 60 70
The cross-relaxation rateBy(H; — N_), also discriminate 30,0
between the structured and flexible parts of the protein. Since ¢ 1 .
this is not visible in the scale of Figure 3a, these rates are 2s.0d
plotted separately in Figure 3b. The variationRyf{H, — Tt
N,) with sequence is opposite to thatR({Ny,); flexible parts <. .
of the protein have higher-than-average(H, — N,) rates _ 200 RELAE
and lower-than-averad®(Nxy) rates. Figure 3c shows the T i LT ,.'o .
two-spin ratesRun(HNx,) and Ran(HN,), as well as the g "7 .. . J. ., RGHzNxy)
longitudinal proton relaxation rat&y(H;). For comparison b L, o ° oo'q, o o o e .o' .
at this scaleR(N,) is also given here. Clearly, relaxation 0.0t o"".jo goo‘.’e"",o: a2, R e oS
rates of antiphase coherence are fastest of all measured rates. . % O Sg?vsvogfa' "R(HzNz)
A complete list of all relaxation rates measured and estimates A Yvroo R(Hz)
of the errors are provided in the supporting information. [ x oooooioososongoprens 3095 3900 o xx R(Nz)
Al five values of the spectral density function at @y, 004 —————

wy + wn, oy, andwy — wy were calculated using eq 6. For

many re-SidueS’ large negative values Ji) at high IGURE 3: Relaxation rates as a function of sequence obtained for
frequencies were found (data not shown). These aberramgAM’ at 10°C. (a) Plot at the same scale Bi(Nxy), Ru(Ny),
values come from the error propagated in the calculation. andRy(H, — N,). (b) Plot at extended scale B(H, — N,). ()
The spectral density function around the proton frequency Plot of the two-spin relaxation ratéRyu(2NgyH,) (@) and Ryx-

is expected to be small and results, in the calculation, from (2NHz) (O), as well as the longitudinal relaxation ratg(H,) (¥)

a combination of large comparable relaxation rates. Small @"dRu(N2) (x). All rates are in st.

rela.tlv.e errors in the data, therefore, end up as I.arge rate constant whiléJ(wy)Ois directly proportional to the
deviations in this part of the spectral density function. .ross-relaxation rate constaRin(H; — N,). J(wn), which
Equating the three high-frequency spectral density functions 4ominates the longitudindfN relaxation, is quite constant
eliminates this aberrant behavior. along the protein sequence, as are the longitudinal nitrogen
The reduced spectral density functions approach using onlyrelaxation rates.p, the contribution of the dipolar interaction
four of the measured relaxation rate constaRtgN,), R, with other protons to the relaxation of the amide proton,
(Nxy), Ru(Hz— Np), andRyu(2NH,), was therefore used here.  exhibits large variations (over 10" for residues E9, S22,
The results shown as a function of the sequence areand A29 in the core and S47 and H53 in the C-terminal
summarized in Figure 4e&c. As expected, thed(0) and sequence. The values of the two-spin order relaxation rates,
J(wy)Dvary largely between the terminal ends and the core Ry(2NH,), for these five residues exceeded the average for
of the protein. This is consistent with the primary experi- the core residues. This increase in the proton relaxation rate
mental data, the relaxation rates, since for macromoleculescomes probably from the contribution of a fast exchange of
J(0) is the dominant contributor to the transverse relaxation the amide proton with the solvent. For example, A29 is the

sequence
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Ficure4: Values of the spectral density functions versus the protein sequence at the frequencies of (&), @ntYc)wy. For comparison,
the B factors of the X-ray structure (Marmorstein et al., 1992) are also given (d).

second amino acid of a helix and is not involved in an
intramolecular hydrogen bond. Figure 4d shows Bie
factors of the crystal structure of the complex with DNA
(Marmorstein et al., 1992). Interestingly, lafBdactors are
found at the two termini but also around residues 43; this is
the boundary region between the structured and unstructured
part of free GAL4(1-65). Helix 3 of the crystal structure
has lowB factors, but the solution structure is clearly flexible Whereo andj are the slope and the intercept of the fit in
in this region. Figure 5a, respectively. Together with eq 9, we get
Analysis of the Spectral Density Functiongo further
analyze the measured spectral density functions, the values Zai‘]i(wN) - aZaJi(O) t8
of J(wn) and D(wy)Oare plotted as a function aX(0) in ! :
Figure 5. As expected from theoretical considerations, we Thjs equation is valid for all residues and consequently for
observe thaf(wn) andlJ(ww)Uare linearly correlated to the  \ 51i0us combinations adis (with the conditioryy i = 1). It

corresponding)(0) values. The negative slope B{wr)ll 5 easy to show that all thé(w) components should obey
as a function o(0) reflects the compensatory effect between ha same linear relationship:

the values ofl(w) at zero and high frequency (vide supra).

J(0) is smaller for the terminal ends than for the core of the

protein, while J(wy)Ohas the opposite behavior. This is

indicative of higher mobility in the terminal ends than in |f the J(w) components are given a Lorentzian shape (eq

the core, in agreement with structure calculations that 11), eq 19 leads to a third degree equation:in

indicated that the terminal ends (residues8land 44-63)

of the protein appeared “unstructured” (Baleja et al., 1992).
The following analysis shows that, in the low-frequency

range, the spectral density functions along the sequence othe roots of which give the correlation time of the various

the protein can be described with a limited number of
contributions which are very similar from one residue to the
other. Combining the linear equation seen experimentally,
we have

JHwy) = aJ0) + (17)

(18)

J(wy) = ag(0) + (19)

20w, 1% + 56wt + 2(a — 1) + 56 =0 (20)
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o6f ' ' ' ' ' ' ] If we perform the same kind of analysis for the correlation
of [J(ww)DOwith J(0), we would ideally expect the same roots

if the whole spectral density function would be a linear
combination of two Lorentzians only. If we do so for the
correlation ofJ(wy) versusJ(0), we obtain three positive
roots of 6.95, 1.46, and 0.105 ns. It is reasonable that the
first two values, 6.95 and 1.46 ns, again describe the overall
and an internal correlation time, while the third root could

J(wy) (ns/rad)

02t ] represent another internal motion. The values of the larger
two roots are comparable to those obtained from the
o1l ] correlation ofJ(wy) with J(0). The fact that the numbers
obtained from the two correlation diagrams of Figure 5 do
T T not precisely agree might be caused by exchange contribu-

tions that corrupt some of th#0) values in GAL4(1-65).
Chemical exchange effects are more pronounced in GAL4-
(1—65) than in other proteins of the size (K. T. Dayie and
G. Wagner, unpublished results). We have started to apply
this analysis to other proteins and find generally a better
agreement between the roots obtained from the two correla-
tion diagrams as shown in Figure 5.

In the above analysis, the spectral density function
corresponding to internal motion has been modeled with a
Lorentzian. As already stated, because internal motions are
fast, we expect this function to be quite flat in the low-
frequency range, which is a characteristic of a Lorentzian.
However, the calculated internal correlation time should not
be considered as a real physical parameter. The overall
4 spectral density function for the internal motion may itself

1O (ns/rad) be made of several contributions.

FiGURE 5: Plots of (a))(ewn) and (b)X(wyy)Cas a function of(0). With the proviso given above, the low-frequency part of
The fit was obtained by linear regression. The two stars in a the spectral density function can thus be expressed at the
(marked with arrows) indicate points corresponding to the meaning- level of each residue, as a linear combination of only two
ful solution of eq 20. The resulting values of andt; were 8.6 Lorentzians, each corresponding to one type of motion
and 0.77 ns, respectively. Residues located in the two helices gyerg|l and internal). These two Lorentzians cross over at
Lc;lrr;ntljr;?@t)t.we zinc-binding core of the protein are indicated by the 61.6 MHz. This explains the moderate sensitivitydgby)

to the position of the residue in the protein (Figure 4b), as
motions contributing to the low-frequency part of spectral the nitrogen frequency at a spectrometer field of 11.744 T
density functions. lies at 50.66 MHz and is very close to this isosbestic point.

From the linear least square fit of the data= 3.78 x While we assume a Lorentzian shape at low frequencies,
102andf = 2.82x 1071°(Figure 5), and the corresponding we make no such assumptions at higher frequencies.
roots at—0.28, 8.65, and 0.77 ns. The first root has no  Respectie Contribution of @erall Tumbling and Internal
physical meaning, while the second and the third, on the Motion. From eq 16, where the contributions of the overall
basis of their magnitude, may be assigned to the overall tumbling and internal motions are explicitly separated, a
tumbling of the molecule and the internal motion, respec- system of three equations is obtained for the three frequency
tively, at the low-frequency end. If we insert the two roots values ofJ(w):
into the Lorentzian spectral density function of eq 11, we
obtain two pairs ofl(0) andJ(wy) values. These two pairs J(0) = a,Jy(0) + ZaiJj(O)
of values fall on the two ends of the correlation line of Figure ]
5a (indicated with arrows) and represent the two extreme
cases ofJ(0) that would be consistent with the data. This Jwn) = agl(wy) + Y ad(wy) (21)
means that a NH group that would be positioned at the upper J
right-hand position would have a spectral density function
consisting of a pure Lorentzian with a the overall Iwy) = agly(wy) + zaij(wH)
correlation time, of 8.65 ns. A point at the lower left-hand )
end of the correlation line would indicate a NH group that Assuming an isotropic motion of the proteide(w) is

has a spectral density function consisting of a pure Lorentzian equivalent to a Lorentzian function (eq 11) with= 8.65

V\r']'th arof 0.77 ns. As all experimental values lie between ¢ * |t can also be assumed that the spectral density function
the two positive roots converted in Lorentzians (Figure 5), of internal motions is flat at low frequencies, so that
they can be expressed with a linear combination of these

two Lorentzians. This would be the case if only the values 3(0) = I 22
of the spectral density functiod0) and J(wy) would be za] (©) Za] () (22)
considered. The negative root does not contribute to this

expression. With the above assumptions, three unknowns are &gft:

JHon) (ps/rad)

J I
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FiGUrRE 6: Plots versus protein sequence of ) the weight of
the spectral density function for overall tumbling, ®);J(0) (in
nanoseconds rad), and (§)aJ(ww) in picoseconds/rad), the
contributions of the spectral density function for internal motions
at low and proton frequencies, respectively.

2i8Ji(0), andy;gJi(wn). They can be determined for each
N—H vector by solving the system of eq 21. The results
are shown in Figure 6ac. As expected, whilegathe weight

of the overall tumbling spectral density function, is small
for the N- and the C-termini and large for the core of the
protein, the overall contribution of internal motion at low
frequenciesy ;gJ;(0), has the opposite behavior. This is even
more pronounced for the weight of internal motions at high

frequenciesy jgJi(wn).

Strikingly, ao varies significantly within well-defined

Biochemistry, Vol. 35, No. 8, 1996683

are higher than the average, also because of exchange-type
motions affecting thei(0) value. In fact, measurements

of the relaxation rate in the rotating frame indicate slow
conformational exchange processes in the microsecond range
at four discontinuous segments of the polypeptide chain, all
within the globular portion of the protein. No slow motions
on this time scale were found in the long unstructured
C-terminal strand or the short undefined N-terminal strand.
The four regions exhibiting the slow motions are centered
around the four polypeptide regions embracing the metal
thiolate cluster. It is noteworthy that these fluctuations in
the slow frequency regime occur around the cysteine residues
involved in the zinc cluster. Because the exchange effects
are located in and around the cysteine residues which chelate
the two zinc atoms, they may be produced by slow isomeriza-
tion of the cysteine side chains (K. T. Dayie and G. Wagner,
unpublished results). Such slow motions have been observed
in cysteines engaged in disulfide bonds in BPTI (Szyperski
et al., 1993), in residues that are zinc ligands or are adjacent
to zinc ligands in the zinc finger DNA binding domain from
Xfin (Palmer et al., 1991), and in the first ion binding loop

of the Cd*-loaded calbindin (Akke et al., 1993).

Because the adiabatic contribution of exchange-type mo-
tion is not accounted for in the system of eq 21, the values
obtained for the spectral density function associated with fast
internal motions are slightly corrupted. Whexgis larger,
>i8J,(0) is smaller than the average. The calculation of
YiaJi(ww) is less corrupted. If the internal motions can be
described by a single Lorentzian, i.e. if the sul)gJ;(0)
and};aJi(wn) each contain a single term, their values should
be identical except for a scaling factor. Inspection of Figure
6 shows that this is approximately true.

The anticorrelation between the contributions of internal
and overall motion is seen more clearly in Figure 7a,b, where
variations of };aJ;(0) and Y;aJj(ww) versus 1— ap are
indicated. Not surprisinglyy;gJ;(0) is linearly correlated
to 1 — ap with a maximum value obtained from the graph at
the point where the quantity + a; equals 1:

max[zaij(O)] =J,(0)=0.294 ns (23)
J

Here, Jini(w) is the Lorentzian which corresponds to the
internal correlation time (0.77 ns) formerly calculated from
the third root of eq 20. More interestingly, the linear
correlation betweety;gJ(wn) and 1— ap suggests that all
residues are affected by motions of very similar rates of
internal motions. Correspondingly, the maximum value of
YiaJi(wy) deduced from Figure 7b at the point where the
quantity 1— ag equals 1 is 35.7 ps (Figure 7b). This value
of 35.7 ps determined from the graph can be compared to
one calculated assuming a shape for the spectral density
function for the internal motion. First, assume a single

secondary structures in the core of the protein (Figure 6a). Lorentzian for the internal motion with a correlation time
C11, 113, and C14 in the first helix and A29, C31, and L32 of 0.77 ns deduced earlier from eq 20. Second, assume a
in the second one appear to experience a contribution of thesingle Lorentzian for the internal motions so tihadJ;(ww)
overall tumbling motion higher than the average defined by = a;Ji(ww), and without loss of generality, take the limiting
the neighboring residues. This is a consequence of the higheicase ofa; at the point where 1— a; = 1. A simple

J(0) values attributed to these particular residues, which arecalculation yields a value of 53 ps. Thus, the two maximum
most likely affected by fast chemical exchange-type motion values at low and high frequencies of the internal spectral
(eq 14). The loop between the two helices does not appeardensity function [maxf;aJ;(0)] and max};aJj(wn)]] do not

flexible except for residue K25 which has a lowagrvalue.
Again, two residues (C21 and S22) exhiajtvalues which

exactly fall on the same Lorentzian. This suggests that the
spectral density function for the fast internal motions is either
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Ficure 7: Plots of the contribution of internal spectral density 0.4k
function at (a) low and (b) proton frequencies, as a function of 1

— ao, the overall weight of spectral density function for internal
motions. () Points corresponding to the linear fit to1a, = 1. o3r /

not a pure Lorentzian or is composed of a sum of Lorentzians 02t ) i
corresponding to a wide range of small correlation times, or N
there is a corruption of the appared0) values due to 04l ;
exchange effects. A full spectral density mapping study at : ;
multiple fields without invoking the high-field approximation ' . ‘
could help in the detection of such an increasd(t) due 0 05 1 15 2 25
to exchange or nonmonotonic decrease in the values of the
spectral density function at the proton frequencies. J(©) (ns/rad)
Comparison with the Model Free Approach Ana|ysis of FIGURE 8 Simulation of possible correlationsﬂ(iz.)N).versus](O)
the Relaxation Data.The model free approach (Lipari & &S functions of parameters from eq 24. (a) Variatiodirom 0
. . t01,7.=0.777 nSgm = 5nS (- - -), 7 nS£** ), and 8.65 ns=).
Szabo, 1982a,b), which has been widely use to analyze the(b) Variation ofzy, from 0 to 20 nsze= 0.1 ns.$ = 0.85 (), 0.5

relaxation data in proteins, is based on the following (x+x ), and 0.2 (---). (c) Variation of, from O to 0.5 nsgy, =

expression for the spectral density function: 8ns,&=0.9 (), 0.5 @G** ), and 0.3 (---). In all simulations,
a spectrometer field of 11.744 T is assumed (500 MHz proton
frequency).

Szr,n a- §)re
+ (24)

1+ (curm)2 1+ (a)rp)2 found to vary along the sequence, around an average value
of 5.5 ns in the terminal ends and between 7 and 9 ns in the

Here, the order paramet&# is related to the amplitude of ~ core, and the order parameteg, are significantly larger

the rapid internal movements,, is the overall rotational  than the coefficients, (data not shown). When an overall

correlation time for molecular tumbling, and is the correlation time of 8.65 ns is imposed on all residugs,

harmonics of the overall and the internal correlation time andag behave very similarly. The values however do not

which pertains to each residue;™® = 7, + ;7L A relate with the internal spectral density functiopgJ;(0)

physical interpretation of the; values requires a more or Y;aJ(wn) (data not shown).

specific model of motion, such as the wobbling in a cone  The Lipari=Szabo method is inappropriate in cases where

(Woessner, 1962; Kinoshita et al., 1977; Richarz et al., 1980) there is no well-defined overall correlation time as may occur

)= 2l

or the jump approach (Tropp, 1980). in molecules with little persistent structure in solution. A
The coefficientsa, of the present study are analogous to limited number of such studies have appeared in the literature
the order parameté&®. The three unknowns?, t,, andre, (van Mierlo et al., 1993; Alexandrescu & Shortle, 1994).

can be determined from the three experimental valug&:9f Unlike the use of the spectral densities described in the
by a simple least square fit for each residue. When the previous section, the order parameters are sensitive to only
calculation is done independently for each residugis nanosecond or faster motions. Motions comparable to or
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slower than the overall tumbling are not accessible by this motions, as measured at 0 and, appears very similar from
method. In such instances, the discussion of the dynamicsone residue to the other. In other words, variations(0j
in terms of the raw rates might be more profitable or the and J(wn) observed along the sequence are mainly due to
use of spectral density functions as reported here and bydifferent weightings of two spectral density functions which
Farrow et al. (1995) more appropriate. appears to be common for all residues: one corresponding
To gain some independent insight into the correlation to the overall tumbling and the other to a dominant (relatively
betweenJ(wy) and J(wy) with J(0), we simulated the raw  slow) type of internal movements. The latter cannot be
data based on eq 24. We wanted to see whether the lineareduced to a single Lorentzian, suggesting that it is itself
relation betweerd(wy) andJ(0) can be related to predomi- composed of various contributions. This is corroborated by
nantly a single parameter of eq 24. We carried out the the fact that the correlation of{(wy) with J(0) seems to
simulations under the following three conditions. (i) We vary indicate a contribution of more than two types of motions.
7. and keep the order parameter ang constant. This  The contributions to the spectral density functionwat of
simulation is shown in Figure 8c. Obviously, this does not the overall motion and the dominant type of internal motions
yield the correlation as seen in Figure 5a. (ii) We vary the are so low that faster internal motions become significant at
correlation time for the overall tumbling and keep the order the high frequency. This simple decomposition of the
paramete andz. constant. This is shown in Figure 8b; it spectral density function has been observed with other
also does not show any relation to the correlation shown in proteins (data not shown), and relaxation data are currently
Figure 5a. Finally, (iii) we vary the order parameter and being reinvestigated in order to analyze the dependence of
fix the overall correlation time and., and the results are  the internal spectral density function on size and type of the
shown in Figure 8a. The resulting plots3ffun) andJ(wn) protein as well as on temperature.
versusJ(0) reproduce the linear correlation seen experimen-  Finally, this analysis also reveals the presence of slow
tally (Figure 5a). This result suggests that the data points motions which are reflected in the high values of the spectral
are ordered by the degree of libration (the variation of the gensity function at zero frequency. These slow motions
order parameter) along the protein sequence. The forcesaffect residues in the vicinity of the cysteines engaged in
acting on the backbone nuclei are collective; residues notthe zinc cluster. Measurements of relaxation in the rotating
involved in such collective motion show large deviation from  frame have indicated motions in the millisecond range (K.
linearity. Thus, the raw spectral density functions contain T payie and G. Wagner, unpublished results). Thus, the
all the information about the detailed types of motion along gpparent value ad(0) contains a contribution from internal

the backbone. The slope of this correlation map is deter- motions covering a wide frequency range from picoseconds
mined by the overall tumbling; in other words, all nuclei g milliseconds.

along the backbone are subjected to an overwhelming overall
diffusive thermal agitation with the protein matrix and the ACKNOWLEDGMENT

solvent.
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