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Abstract

Intrinsically disordered proteins (IDPs) and proteins with intrinsically disordered regions

(IDRs) are known to play important roles in regulatory and signaling pathways. A critical aspect

of these functions is the ability of IDP/IDRs to form highly specific complexes with target
molecules. However, elucidation of the contributions of conformational dynamics to function

has been limited by challenges associated with structural heterogeneity of IDP/IDRs. Using

NMR spin relaxation parameters ("N Ry, ’N Ry, and {'H}-"°N heteronuclear NOE) collected at

four static magnetic fields ranging from 14.1 to 21.1 T, we have analyzed the backbone
dynamics of the basic leucine-zipper (bZip) domain of the Saccharomyces cerevisiae
transcription factor GCN4, whose DNA binding domain is intrinsically disordered in the
absence of DNA substrate. We demonstrate that the extended Model-free analysis can be
applied to proteins with IDRs such as apo GCN4 and that these results significantly extend
previous NMR studies of GCN4 dynamics performed using a single static magnetic field of
11.74 T [Bracken, et al. (1999) J. Mol. Biol., 285, 2133—-2146] and correlate well with
molecular dynamics simulations [Robustelli, et al. (2013) J. Chem. Theory Comput., 9, 5190—
5200]. In contrast to the earlier work, data at multiple static fields allows the time scales of
internal dynamics of GCN4 to be reliably quantified. Large amplitude dynamic fluctuations in
the DNA-binding region have correlation times (ts = 1.4—2.5 ns) consistent with a two-step
mechanism in which partially ordered bZip conformations of GCN4 form initial encounter
complexes with DNA and then rapidly rearrange to the high affinity state with fully formed

basic region recognition helices.
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Introduction

The discovery of intrinsically disordered proteins (IDPs) and proteins with extensive
intrinsically disordered regions (IDRs), collectively referred to as IDPs herein, challenged the
structure-function paradigm by demonstrating that biological activity is possible in the absence
of well-defined tertiary structure '. In the time since this discovery, sequence analyses have led
to the realization that IDPs are widely distributed: recent estimates suggest that over 100,000
disordered regions are located throughout ~40% of the mammalian proteome ', Moreover,
IDPs are associated with crucial but diverse roles in cellular function, including signaling

pathways *°, cell cycle regulation >, and control of both transcription and translation **°,

The mechanisms by which IDPs recognize and bind to their substrates or interaction
partners are central to their biochemical properties. Two limiting paradigms have been
proposed. The first, conformational selection, posits that more-ordered, binding-competent
structures exist among an ensemble of conformations and that these conformers are selected

10,11

during the binding process . The second, induced fit, posits that binding-competent

Published on 30 November 2015. Downloaded by National Cancer Institute at Frederick on 30/11/2015 16:25:58.

structures are induced by interactions with the target 212 Bjochemical, theoretical, and
computational evidence suggests these two alternatives are the extremes of a spectrum of

behavior, rather than independent dichotomies ">,

Structural variability and dynamic substrate interaction mechanisms make IDPs well-
suited to rapid control of cellular processes. For example, the extremely fast (often diffusion-
limited) association rates for transcription factors enables fast activation of the signaling
response *'°. Likewise, the tendency of IDPs to bind partners or ligands with high specificity

but modest affinity leads to rapid dissociation, and thus signal termination '"'®.


http://dx.doi.org/10.1039/c5cp06197k

Published on 30 November 2015. Downloaded by National Cancer Institute at Frederick on 30/11/2015 16:25:58.

Physical Chemistry Chemical Physics

Page 4 of 38

View Article Online
DOI: 10.1039/C5CP06197K

The transient and flexible (structurally heterogeneous) nature of IDPs creates challenges
for their study by techniques of structural biology. Crystallization of IDPs, particularly in their
unbound (disordered) states, often is not possible. Considerable success has been reported using
NMR methods to study IDPs ">, but the absence of a single, global correlation time hinders

application of approaches such as the Model-free formalism ">

as a method for analyzing
otherwise powerful NMR spin relaxation measurements. We demonstrate herein that an

extended protocol and analysis can overcome these limitations and provide a general approach

for the detailed examination of internal dynamics in IDPs.

The Saccharomyces cerevisiae protein GCN4, which has homologs in mammals **, is a
prototypical example of a transcription factor that binds DNA target sequences using IDRs. The
DNA-binding domain of GCN4, termed the bZip domain, contains an N-terminal highly basic
helical region that inserts into the DNA major groove and a C-terminal region that dimerizes to

24,25

form a leucine zipper (Figure 1A) . In the absence of DNA substrate, the N-terminal region

consists of a (partially) disordered ensemble (FigurelB) that contains significant residual

helicity 2%

, while the C-terminal leucine zipper remains ordered and dimeric under the
solution conditions used in the present work. The presence of both a flexible and an ordered

region makes GCN4 an ideal model for demonstration of the proposed formalism.

Using NMR spin relaxation measurements ("N Ry, "N Ry, and {IH}-ISN heteronuclear
NOE) for backbone amide moieties, collected at four static magnetic fields, we have performed
spectral density mapping and Model-free analysis on the apo (substrate-free) form of the GCN4
bZip domain. The order parameters (S*) are consistent with previous studies, including an
analysis of "N spin relaxation data from a single static field *® and recent molecular dynamics

simulations *°. Significantly, the use of multiple static fields allowed internal motions to be

4
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resolved on ps and ns timescales, which was not possible previously. The disordered basic
domain contains regions with motions whose correlation times are consistent with structural
pre-organization in advance of DNA substrate binding followed by rapid stabilization within the
DNA encounter complex. Thus, the GCN4 bZip domain utilizes aspects of both selected- and
induced-fit binding mechanisms. This may be a common paradigm for IDPs, which can now be
investigated in detail using the strategy described herein.

Methods
Sample preparation

The DNA binding domain of Saccharomyces cerevisiae GCN4 was expressed and
purified as described previously *°. Briefly, BL21(DE3)-pLysS cells were transformed and
grown in 1-2 L of M9 minimal media with 1 g/L ""NH4Cl and either 4 g/L of unlabeled glucose
n 98% 2H20 or4 g/L 13C6-glucose in H,O at 37 °C to an optical density (ODgg) of 0.7. Protein
expression was induced with 1 mM IPTG and allowed to proceed for approximately 2 hrs. The
protein was purified on an SP sepharose column with 25 mM HEPES, pH 7.5, and 1 mM EDTA
with a gradient of 0.2—1 M NacCl followed by HPLC purification using a C18 reverse phase
column with starting buffer of 10% acetonitrile/0.1% trifluroacetic acid (TFA) and final buffer
of 90% acetonitrile/0.1 % TFA. Eluted fractions were lyophilized and then reconstituted into a
pH 4.5 buffer that contained 50 mM sodium acetate-dg, and 75 mM KCI in 90%H,0/10% 2H20
% Final GCN4 sample concentrations were 1 mM U-["°N, "*C] and 800 uM U-["N, H],

respectively. Protein concentrations are defined with respect to a single monomer.
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NMR spectroscopy

NMR experiments were conducted on Bruker Avance spectrometers operating at 14.1,
16.45, 18.8, and 21.1 T. The spectrometer operating at 16.45 T was equipped with a triple
resonance, triple-axis gradient room temperature probe. All other spectrometers were equipped
with triple resonance z-axis gradient TCI cryoprobes. Sample temperature was calibrated at 300

K with 98% “Hs-methanol as described previously *.

Resonance assignments %% were confirmed using HNCA 3234 and HN(CO)CA spectra

323 with 12.6 x 2.9 x 7.3 kHz spectral widths and 1024 x 30 x 64 complex points (£3 x £ x #;),

and a 3D ('H, "N, "N) HSQC-NOESY-HSQC ***° with 10.8 x 2.1 x 2.4 kHz spectral widths,
1024 x 64 x 64 complex points, and 600 ms mixing time. All assignment experiments were

collected with 16 scans at 21.1 T.

37,38

Ry, Ry, and {'H}-"N heteronuclear NOE experiments were recorded with spectral

widths of 7.2 x 1.6, 8.4 x 1.8,9.6 x 2.1, and 10.8 x 2.4 kHz for 14.1, 16.45, 18.8 and 21.1 T,
respectively, and contained 1024 x 300 complex points. Relaxation delays for the R; and R,
experiments ranged from 0.02—1.75 and 0.004—0.208 s, respectively, and are listed for each
static magnetic field in Table S1. For the R, experiment, the phase cycle of Yip and Zuiderweg
3% was incorporated in the CPMG train for improved off-resonance compensation and the
spacing between 180° pulses was 500 us. The R; and R; experiments were collected with 8
scans per FID. The heteronuclear NOE experiment was collected with 32 scans, and the #;
points of the Boltzmann and saturation experiments were interleaved during acquisition. The R;
and R, experiments used the Rance-Kay protocol and the NOE experiments used the States-

TPPI protocol for quadrature detection ***.

6
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Data processing and analysis

All data were processed in NMRPipe **. The two indirect dimensions of the HNCA,
HN(CO)CA, and HSQC-NOESY-HSQC experiments were processed with linear prediction and
a Kaiser window (0 = m) in the two indirect dimensions. The relaxation data were processed
using a Kaiser window (6 = m) for # and linear prediction with 3 Hz exponential line broadening
for t,. Resonance assignments and quantitation of peak intensities were performed in Sparky *°.

Additional data processing and visualization was performed using the Python scientific libraries

46-52

Determination of relaxation parameters

The program relax >>**, version 3.2.3, was used for determination of relaxation
parameters. Errors in R; and R, rate constants were determined from 500 Monte Carlo
simulations, while those for the heteronuclear NOE were calculated from the noise floor. Due to
large variations in peak intensities between disordered and coiled-coil regions, relaxation
parameters were analyzed in two separate groups (residues 1—12 and 56—58 for disordered
residues and 13—55 for ordered residues), as determined by k-means clustering of initial R; and
R, peak intensities. Five residues were omitted from analysis due to spectral overlap (31, 33, 34,
36, 40, and 47), residue 2 was not quantified because its extremely narrow resonance lineshape
was not well-digitized, and residue 4 is a proline. The resulting R, rates were corrected for R,

contribution as described by Yip and Zuiderweg .

The 10% trimmed mean correlation time (ty) and diffusion tensor anisotropy for the

coiled-coil region were calculated at each static field from the ratio R,/R; and Model-free local

55,56

correlation times (ty), respectively, using the program quadric . The mean correlation time

7
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for data recorded at 16.45 T was 15.6 ns, lower than the mean value of 16.9 ns for the other
fields (14.1, 18.8, and 21.1 T). This difference likely reflects a slightly elevated sample
temperature for the 16.45 T (700 MHz) NMR spectrometer, as it was the only instrument with a
room-temperature probe. To account for this difference, R; and R, relaxation rates recorded at

16.45 T were adjusted for the difference in Ty according to the following equations:

R =R(t, /7, +oi71,)/ 1+ o7},

R,=(R,,—05R )7, /7,,)+05R,
where oy is the °N frequency at 16.45 T. Ry, Ry, and 1y are the respective original R; and R,
relaxation rates and correlation time, and R, R,, and 1ty are the adjusted versions. In addition,
the uncertainties in R;, Ry, and heteronuclear NOE data were rescaled by an empirical factor of
1.38 so the median X2 of the combined linear regressions of I'yy, Vs (3a’2 + 4c2)/6, J(on) vs mN*Z,
and J(0.870wp) vs (0.870wy) > was equal to 1.0 (vide infra). These two adjustments reduced the
x* values in subsequent Model-free analyses of the relaxation data but did not significantly

change the fitted parameter values or selected models.
Spectral density mapping

The "N relaxation rate constants are given by:

R = 1H{J(0,-0,)+3](@,)+6J(®,+0,)}+J(@,)

R,=(d’18){4J(0)+ J(w, —w,)+3J(0,)+6J(@,)+6J(w, +®,)}
+(c*16){4J(0)+3J(w,)}

oy = 1 H{-J(o, -0,)+6J(®, +w,)}=R(NOE - Dy, /v,
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in which the dipolar coupling constant is d = (u,hy 7 /87 )ryy» Mo is the permeability of free
space, / is Planck’s constant, ryy is the average amide bond length (1.02 A), the CSA coupling
constant is ¢ = Acon/3"?, Ac is the amide CSA (=172 ppm), oy and oy are the °N and 'H
frequencies at the respective static field, and J(®) is the spectral density function. Using the
reduced spectral density mapping approach, the above expressions can be converted to

expressions for J(0), J(on) (at each static field) and J(0.870wy) (at each static field):

.. =R -05R-04540,, =J(0)3d> +4c*)/6

J(w,)=1{R —12495,,}/(3d’ / 4+c%) 3
J(0.870w,)= 40, /(5d°)

The value of J(0) was obtained from the slope of a linear fit through the origin of Ty, vs. (3d2 +

4¢?)/6 for all four static fields.

The most complex spectral density function consistent with the acquired data is an

extended version of the Model-free spectral density function °’:

2 { s*z,, (S;—Sz>r;+<1—sj->r;}

J(@) =—
@) 5|/1+w’t;, 1+ 1+o°t}

272
TS

in which S? is the square of the generalized order parameter and ty is the (effective) overall
rotational correlation time for a given N-H bond vector. 852 =S?/ sz, and sz are the squares of
the generalized order parameters for intramolecular motions with slow, T, and fast, Ty,

correlation times, respectively. ts', and 1f are the inverse sums of the respective correlation time

with tv: 7/ =(1/7,+1/7,)" and ti=1/7, +1/ z'f)’l. This equation assumes that the

stochastic processes governing T, Ts, and tr are statistically independent, which approximately

9
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holds if the processes are time-scale separated (ty >> 15 >> 1). If (0.870,, 2'})2 <« 1 and

(,7')* > 1, then the spectral density function becomes a linear function of (0.870w) > **:
J(0.870w,) =m,(0.870w,)" +b, 5
in which:

m, :%{52 7 +(S} -5/ 7}

2
by =5(1-8))1;

Similarly, if (w,7')’< 1 and (w,7,,)*> 1, then the spectral density function becomes a linear

function of coN_2 :
J(®,) =m0, +b, ;
in which:
2
m, = gSz /',

2
b, = g{(sj SN +(1-8))7) )

If the linear relationships hold for a given set of field-dependent relaxation measurements, then

the values my, by, my, and by, together with
JO) =2[g? S-St/ + (-8t
(0) = {87y + (87 =) +(1-5))e} | 9

are sufficient to determine the five parameters in Equation 4:

10
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172

52 = 2[(J(0)~ by 1, ]

2
ry =[O =by} my]"
S;:Sz+§wa—@J{mH—mNHm 10

5
0 =2by /(1=5))

(¥ :[{bN_bH}/{mH_mN}]l/z

Fitted slopes and intercepts in Equation 4 were determined by linear least squares regression,

and errors in the Model-free parameters were propagated by Monte Carlo simulations.

Model-free analysis

Model-free analysis was performed with relax >>**

. During analysis, relaxation
parameters were entered in duplicate for each residue to account for the homodimeric structure
of GCNA4. In the first analysis, for comparison with spectral density mapping, an individual
overall correlation time was fit for each residue (local ty). In the second analysis, for
comparison with previous NMR ** and molecular dynamics *° results, fitting was performed
first for residues located in or near the coiled-coil region (residues 25—58) using an individual
correlation time for each residue (local ty). For residues located in or near the disordered region
(residues 3—27 and 54-58), the correlation time was fixed to the average 1y of the coiled-coil
region, with the resulting ” values being used to determine the classification of residues located

at the interface of the disordered and ordered regions (25—27 and 54—58). Parameters of the

following models, enumerated in the relax documentation, were fit to the data:

11
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m

2]

5 "Mt (or,)

2 Q2
Model 2: J(w)=27,[—>  1=5Nmt7,)7. ]
5 "oz, ) (r.+7,) +(07,7,)

2 SZ _S2 +
Model 5: J(w) =%Tm[ ) —+ (S; Z(Ts Tm)Tsz]
5 ""+(or,) (r,+71,) +(0r,1,)

2 1-52 -+ . S? 52 +
Model 6: J(@) =27, [—> L8 rn)r, | 628 ve,)e g
5 " l+(wr,) (r,+7,) +(0r,7,) (7,+7,) +(01,7,)

Model 0: J(w)= %r

Model 1: J(w)=

Model-free analysis was performed using only models that lack contribution from
conformational exchange (0, 1, 2, 5, and 6, Equation 11) 212257 Best fit models were selected
using the Bayesian Information Criterion (BIC) *°. Errors for the Model-free parameters were
determined from 500 Monte Carlo simulations.

Results
Assignment of GCN4 amide resonances

The assignment of U-["°N, ?H] GCN4 chemical shifts utilized a 'H,"’N,""N HSQC-
NOESY-HSQC with 600 ms mixing time ®. In the coiled-coil region, NOE connectivities were
observed for residues ranging from i_; to i;3 (Figure S1A), whereas connectivities for i_, to i;,
were generally observed in the disordered basic region (Figure S1B). The amide chemical shift
assignments are listed in Table S2. The exclusive use of amides for resonance assignments is
advantageous because an additional >C-labeled sample is not required and because the indirect
dimensions can be acquired with very high resolution due to the narrow '°N chemical shift
range and the absence of constant-time pulse sequence elements. In the case of GCN4, this

strategy also enabled resonance assignment and spin relaxation experiments to be conducted on

12
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the same sample. Amide chemical shift assignments (Figure S2 and Table S2) were further
confirmed using those reported by Bracken, ef. al *® and with an HNCA and HN(CO)CA

collected on U-["°N, *C] GCN4 (data not shown).
Fast timescale dynamics of GCN4

Established amide spin relaxation experiments were performed to measure the "N R,
>N R, and {'H}-""N heteronuclear NOE spin relaxation rate constants of U-['°N, “H] GCN4
(Table S3) at four static fields (14.1, 16.45, 18.8, and 21.1 T). The structurally heterogeneous
nature of GCN4 leads to significantly different peak intensities in the disordered and coiled-coil
regions, creating additional considerations for the acquisition and analysis of quantitative NMR
experiments. An increased number of #; increments and additional relaxation time points were
collected to ensure accurate digitization. To ensure accurate error estimation during Monte
Carlo analysis, residues were analyzed in two groups based on initial peak intensities. The
relaxation rate constants are consistent with a disordered basic region, having elevated R,
relaxation rates, reduced R, relaxation rates, and reduced heteronuclear NOE values, relative to

those of the coiled-coil region (Figure 2).

Plots of T'ayi0 VS. (3d2 + 402)/6, J(on) vs. coN_z, and J(0.870my) vs. (0.87003}1)_2 were well-
fit by the linear equations 3, 5, and 7, respectively. Examples of the fitted data are shown in
Figure 3A—C for residue 14. The excellent fits of Ty, Vvs. (3d2 +4c2)/6 for the assumed value of
Ac =-172 ppm indicate chemical exchange does not contribute significantly to the measured R,
values. The absence of exchange contributions was also confirmed by comparing fits of 'y Vs.
BO2 performed with R = 0 and with R as a fitted parameter, which was assumed to scale with

By’ (data not shown). The linearity of the graphs of these three sets of data implies that only five

13
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independent parameters are needed to describe the data and therefore Equation 4 is the most
complex spectral density function supported. Motions may be distributed over multiple time
scales so that Ty, Ts, and t. represent effective fits to a more complex distribution of correlation

times.

Reduced spectral density analysis of GCN4

The values of $°7,,, §*/z,,, (S;—S*)., (S;—S8%)/ ., and (S} —S*)z! obtained from
Equations 6, 8, and 9 are shown in Figure 4A—E. The lack of mobility for the coiled coil and the
extensive mobility of the basic region are evident directly from these plots. Figure 4F plots
(S; ~-S8*)z! vs. §°r W » showing that four clusters of residues with related properties are evident:
3-12 (pink), 13-25 (green), 2655 (black), and 56—58 (orange). The values of the Model-free
parameters determined from the data in Figure 4 using Equation 10 are shown in Figure 5;
values of T and T, with extremely large uncertainties, because the corresponding S¢ or Sy
approaches unity, are not displayed for clarity. To test the accuracy of the assumptions used to
obtain the Model-free parameters from the above equations, the relaxation data also were
analyzed conventionally using the program relax and assuming a local Ty for each residue.
Figure 3D shows fitted spectral density values for residue 14 determined from the spectral

density mapping and conventional analyses. Figure 6 compares S°7 Mo S?, and Ty for all

residues using the two analyses.
Model-free analysis of GCN4

Treatment of the basic region, coiled coil, and C-terminal region during Model-free

analysis of GCN4 was similar to the method used by Bracken and coworkers *°. Briefly, the

14
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coiled-coil residues were first analyzed using a local correlation time (ty), and then the mean Ty
from this analysis was fixed for the basic region. The fitted Model-free parameters for residues
in the coiled-coil incorporate the effects of diffusion anisotropy through the local Ty values.
Based on the modest diffusion tensor anisotropy 2D,,/(Dx+Dyy) = 1.25 determined from the
local Ty for residues in the coiled-coil region, further treatment of the global diffusion tensor is
unlikely to significantly effect results for the residues in the basic region: a root-mean-square
error of ~4% in S2 would arise from different (unknown) average orientations of N-H bond
vectors for these residues °'. In the current study, a more detailed analysis, including the fitting
of internal correlation times, was possible using spin relaxation data acquired at multiple static

21,22
““ and have

fields. Three of the models were originally described by Lipari and Szabo
Brownian rotational diffusion characterized by a correlation time (ty) and the following
dynamic properties: no dynamics (model 0), internal motion that can be characterized by a
single order parameter (S*, model 1), or an order parameter plus an effective internal correlation
time (t., model 2). When t. < 100 ps, the internal motion was classified as fast (t¢), otherwise it
was slow (tg). Two additional models (5 and 6) developed by Clore, et. al *’ include internal
motions on two timescales, the faster of which is described by tr and sz and the slower by T
and S,’, which are determined as described above. Given the lack of evidence for chemical

exchange, as determined by analysis of [',y,, additional models containing an R, term were not

considered.

The selected model, as determined by the Bayesian information criterion (BIC) *°, is
shown for reach residue in Table S4. Models 2 and 5 were chosen for the coiled-coil region
indicating simpler dynamics, while model 6 was chosen for all of the disordered residues. The

model selected for the disordered residues does not change in most cases when a local ty was

15
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assumed (see above) indicating the selection of a more complicated model in this region is not
merely reflective of the reduced degree of freedom. The y* values (Table S4) observed for the
basic region are slightly higher than those of the coiled-coil region, but considerably less than
those observed for the extreme N- and C-terminal residues. Based on the lowest 3 * value from
analyses where Ty was either fit as a parameter or held constant, residues at the ordered-
disordered interface were classified as follows: residues 26, 27, and 54 were considered part of

the coiled-coil region while residues 25 and 55—58 were considered disordered.

The resulting Model-free parameters are plotted in Figure 7. The trends in parameters
are similar to those obtained in the current study from reduced spectral density mapping (Figure
5), although the order parameters in the basic region are reduced because the global value of Ty
assumed in Model-free analysis (16.9 ns) is larger than the local overall correlation times
determined by reduced spectral density mapping. The order parameter (S) has a mean value of
0.91 for the coiled-coil region (Table S4 and Figure 7A) and the value of this parameter

decreases gradually along the basic region.

The acquisition of relaxation parameters at multiple static fields enables the study of
multiple (fast and/or slow) internal motions °’. The basic region of GCN4 has a fast internal
process (Table S4 and Figure 7F) with a correlation time 1= 40—70 ps. There is also evidence
for motions with correlation times in this range in the coiled-coil region, although the
uncertainty on these values is much greater. The motions that dominate the internal order
parameter for the basic region actually have a slower correlation time, as shown in Figure 7C by
the lower values of S¢* (lower order parameters imply a larger degree of conformational
variability), relative to the higher values of S¢* (Figure 7E). These slower internal motions have

a correlation time 15 = 1.4-2.5 ns (Figure 7D).
16
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Discussion
Comparison of spectral density and Model-free analysis results

The Model-free parameters determined from spectral density mapping bear a strong
similarity to those determined from full analysis with relax (Figure S3). The order parameters
(Sz, Figures 5A, 7A, and S3A) are large in the coiled-coil region and decrease dramatically in
the basic region toward the N-terminus. The values of S* in the basic region are somewhat
larger if local overall correlation times are assumed in the model spectral density function,
compared to values obtained when the overall rotational correlation time is fixed at the mean
value for the coiled-coil domain. This reflects different averaging of effective correlation times
in the two analyses. Strikingly, Sf* decreases to a plateau value (~0.6 in Figures 7E and S3E),
while S,* decreases dramatically to very low values at the N-terminus (Figures 7C and S3C).
Values of S¢ (and consequently S?) are elevated around residues 14—20 and, to a slightly lesser
extent, residues 5-9, although the overall magnitude is reduced when 1y was fixed (Figures 5E,
7E, and S3E). The presence of such local regions of elevated order parameters independent of
calculation method indicates they likely adopt transiently ordered conformations. The effective
internal correlation times for residues in the basic region have narrow distributions, with
average values of 1y =48.9 ps and 13 = 1.6 ns for the analysis with fixed ty. (Again, the same
qualitative behavior is observed if local overall correlation times are utilized, albeit with
somewhat different correlation times.) The local correlation times (ty) determined from spectral
density calculations and full Model-free analysis also are nearly identical in the coiled-coil
region (Figures 5B, 7B, and S3B). These findings demonstrate that spectral density mapping

using at least three static magnetic fields can generate effective local correlation times in the
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absence of assumptions about a global 1y, thus demonstrating the feasibility of using Model-

free analysis to study IDPs in some cases.
Consistency with previous studies of GCN4 dynamics

The T\ of the coiled-coil residues determined by Model-free analysis has a mean value
of 16.9 ns (Figure 7B). This value is lower than that determined previously *° (mean Ty = 18.9
ns), which is likely due to transient aggregation at the higher sample concentration used in the
earlier study *°. In both this and the previous study, determination of dynamical parameters for
the disordered region is enabled by the assumption that a single Ty dominates global motions.
Though the dynamics of intrinsically disordered proteins is a topic of ongoing study, molecular

dynamics simulations do support this assumption **.

The Model-free derived order parameters determined using a fixed overall correlation
time for the basic region (Figure 8, black) are in excellent agreement with those determined
previously by NMR at a single static magnetic field of 11.7 T 2% (Pearson’s r = 0.997 and Figure
8, blue) and by Robustelli, ez. al *’ (see trajectory 2, Figure 4 in the reference) using molecular
dynamics simulations (r = 0.982 and Figure 8, orange). In particular, elevated order parameters
are noted for two parts of the disordered region, referred to as helix 1 (H1, residues A5—R9) and
helix 2 (H2, residues Q14—R20), believed to form transient helices which may help pre-order
this region for binding of DNA substrate *°. Similar elevations are observed for the multi-field

NMR data, particularly for H2 (Figure 8 and Table S4).
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Biological implications of structural fluctuations and dynamical rates

The binding of GCN4 to DNA requires the formation of the basic region helices that
insert into the DNA major groove, potentially incurring a large entropic cost. The magnitude of
this penalty is considerably reduced by the presence of helix-capping sequences, such as the one
prior to H1, which nucleate transient helix formation . The observed regions of elevated order
parameters (H1 and H2), which are corroborated by previous NMR *® and molecular dynamics
30 studies, are consistent with the formation of these structures. Estimates of conformational
entropy derived from S” are generally consistent with estimates of conformational entropy

derived from calorimetric measurements 2°.

The existence of such transient helices may also enable GCN4 to bind DNA with on-
rates at or near that of the diffusion limit (~10'* M's™" ) by pre-organizing the DNA binding
domain. The correlation time of slow internal motions (t5) ranges between 1.4 and 2.5 ns, which
is faster than both the binding rate of GCN4 to DNA (kon ~10°~10" M's™" % which gives
kon[DNA] ~10 s™', assuming uM ligand concentration) and the off rate (~10°—10° s~ ¢7-°%),
Thus, these large amplitude motions could facilitate formation and rearrangement of transient
encounter complexes to yield the well-ordered protein-DNA complex structure. Collectively,
these observations lend further evidence to the combined and subsequent roles of
conformational selection and induced fit in GCN4 binding to DNA and for IDP target

recognition, in general.
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Conclusions

We have measured the backbone '°N spin relaxation rate constants of apo GCN4 bZip
DNA-binding domain at four static magnetic fields and demonstrated that both reduced spectral
density mapping and the Model-free formalism can be used to analyze the dynamics of an
intrinsically disordered region. The order parameters (S?) obtained from Model-free analysis are
highly similar to those obtained from spectral density mapping of GCN4 at a single static field
%% and to molecular dynamics simulations *°, while the internal dynamics parameters determined
in the current study provide additional insight. Local regions with elevated order parameters in

the basic region 2**

are consistent with structural pre-organization of nascent helices prior to
binding of DNA substrate. Additionally, we are able to determine the internal correlation times
for conformational dynamics of the basic region and find that the basic region undergoes large
amplitude internal motions whose correlation time (15 = 1.4—2.5 ns) would allow induced
formation of the fully helical basic region within the lifetime of a protein-DNA encounter
complex. Thus, binding of the GCN4 bZip domain to DNA involves the, possibly correlated,

steps of selected-fit and induced-fit interactions.
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Figure Captions

Figure 1. (A) The bZip region of GCN4 contains a C-terminal coiled-coil region (blue) that
forms a leucine zipper, while the N-terminal basic region (red) interacts with DNA substrate
(gray). Crystallographic coordinates are from PDB 1YSA **. (B) The inverse of the order
parameters (S?) determined by Bracken and coworkers 2 are mapped onto the width and color
of the bZip domain. Narrow regions that are colored blue are the most rigid (highest S), while

wider regions that are colored red are the most dynamic (lowest S?).

Figure 2. Relaxation measurements for (A) R;, (B) Ry, and (C) {IH}-ISN heteronuclear NOE
experiments performed on GCN4. Data for 14.1, 16.45, 18.8, and 21.1 T are black, blue, orange,
and green, respectively. Error bars are the result of Monte Carlo simulations for the R; and R,

measurements and based on the noise floor for the heteronuclear NOE.

Figure 3. Spectral density mapping for residue 14 of the GCN4 bZip domain. (A) [y at 14.1,
16.45, 18.8, and 21.1 T plotted vs. (3d” + 4c?)/6 (Equation 3). The solid line is the best fit
through the origin to determine J(0) from the slope. (B) J(®n) and (C) J(0.870wy) are plotted vs.
o . Solid lines are the best linear fits to the data. (D) Reduced spectral density values J(®)
plotted vs. . The solid line is determined from the Model-free parameters obtained from the
spectral density mapping protocol (Equation 10); the dashed line is calculated from Model-free
parameters determined from full analysis using the relax program assuming a local overall

rotational correlation time Ty for each residue.
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Figure 4. Aggregate Model-free parameters from field-dependent spectral density mapping.
The values of (A) S*z,,, (B) §*/7,,,(C) (S;—-S")7/, (D) (S;-S*)/7,,and (E) (S; -5z
obtained from Equations 6-9 are shown. (F) (S? —8*)7! is plotted vs. S°7,, . Regions of the

protein are colored as follows: region 1 on bZip (residues 3—12): pink; region 2 of bZip
(residues 13-25): green; coiled-coil (residues 26-55): black; disordered C-term (residues 56—

58): orange.

Figure 5. Model-free parameters from field-dependent spectral density mapping. Values of (A)
S?, (B) tw, (C) S, (D) 16, (E) S, and (F) 1 are plotted vs. residue number. Values not

statistically different from zero are not shown. Colors are as in Figure 4.

Figure 6. Comparison of Model-free parameters (A) S* T, (B) S?, and (C) v from field-
dependent spectral density mapping and the full analysis in which local ty values were fit using

the relax program. The correlation coefficients are 0.999, 0.964, and 0.964, respectively. Colors

are as in Figure 4.

Figure 7. Model-free from field-dependent analysis using full analysis with relax. Values of (A)
S?, (B) ty, (C) Si2, (D) 15, (E) S&, and (F) trare plotted vs. residue number. Overall correlation
times (ty) were determined individually for residues in the coiled-coil region. Ty was fixed at
16.9 ns for residues in the basic region and C-terminal residues, as denoted by the horizontal

line in (B). Colors are as in Figure 4.

Figure 8. Comparison of order parameters (S*) for GCN4 as determined in the current study

(black) to those determined by previously at a single static field of 11.7 T by Bracken, et. al *°
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(blue) and by Robustelli, ez al. ** (orange) using a series of 100 ns molecular dynamics

simulations.
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Figure S1. Representative strip plots of U-["°N, ?H] GCN4 (A) coiled-coil region and (B) basic region from an 'H,
®N, "N HSQC-NOESY-HSQC with 600 ms mixing time. NOE connectivities for i_s to i,5 can be observed in
panel A, while the connectivities in the disordered region (panel B) tends to only extend from i, to i,». Positive
and negative contours are shown in blue and black, respectively. (C) All connectivities for i,i,» and i,i,3 are
shown. Residues are colored as described in the main text, except for those that were excluded from relaxation
analysis and are shown in gray.
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Figure S2. "H-"°N HSQC spectrum of U-['°N, ?H] GCN4. Unlabeled peaks correspond to small amounts of
proteolysis during expression and purification in the basic region of GCN4.
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Figure S3. Comparison of Model-free parameters (A) S, (B) tu, (C) S, (D) ts, (E) Sf, and (F) t; determined
from spectral density calculations (blue) and from analysis using the program relax with a fixed ty for disordered
residues in the basic and C-terminal domains (black). The mean ty (16.9 ns) is indicated with a straight, black
line.



Table S1. Time points used for measuring Ry and R, relaxation rate constants of GCN4'
Experiment BO Field (T) Time Points (s)

14.1 | 0.02, 0.06, 0.14, 0.23, 0.34, 0.47, 0.69, 0.98, 1.50

16.45 | 0.02, 0.14, 0.23, 0.47, 0.98, 1.50, 1.75

F 18.8 | 0.02, 0.06, 0.08, 0.14, 0.23, 0.47, 0.98, 1.50, 1.75
21.1 {0.02, 0.14, 0.23, 0.47, 0.98, 1.50
14.1 | 0.004, 0.008, 0.024, 0.064, 0.096, 0.144, 0.208
16.45 | 0.004, 0.008, 0.024, 0.064, 0.096, 0.144, 0.208
R.

18.8 | 0.004, 0.008, 0.024, 0.064, 0.096, 0.144, 0.208

21.1 | 0.004, 0.008, 0.024, 0.064, 0.096, 0.144, 0.208

'Time points that were collected in duplicate for error analysis are shown in bold.



Table S2. Amide chemical shifts for U-["°N, ?H] GCN4

Residue 'H N Residue 'H N
(ppm) [ (ppm) (ppm) | (ppm)
1 M 30 L 8.14 | 1205
2 K 31 E
3 D 8.40 | 122.6 32 D 8.51 119.3
4 P 33 K
5 A 8.23| 121.8 34 Vv
6 A 7.85| 1216 35 E 7.75 | 116.7
7 L 7.84| 1199 36 E
8 K 7.92| 1206 37 L 8.66 | 120.7
9 R 7.97 | 1202 38 L 8.91 121.7
10 A 8.07| 1237 39 S 7.71 114.2
1 R 817 | 119.3 40 K
12 N 8.35| 119.4 41 N 8.80 | 119.4
13 T 8.13| 1153 42 Y 8.22 | 120.1
14 E 8.31 1225 43 H 793 | 116.9
15 A 8.19| 1225 44 L 8.65 | 120.9
16 A 799 | 1217 45 E 8.79 | 118.9
17 R 8.06 | 119.5 46 N 7.72 | 1187
18 R 8.21 120.3 47 E
19 S 8.13| 1155 48 v 8.59 | 119.6
20 R 8.09| 1222 49 A 7.71 119.8
21 A 8.05| 122.2 50 R 7.82| 118.8
22 R 8.02| 1207 51 L 8.39 | 120.1
23 K 8.02| 119.9 52 K 8.85 | 118.1
24 L 8.09| 120.6 53 K 7.30 | 1177
25 Q 8.10|  120.1 54 L 7.49 | 1189
26 R 8.15| 120.9 55 Vv 7.80 | 1147
27 M 8.33| 1187 56 G 7.79 | 1085
28 K 7.82| 119.0 57 E 7.89 | 120.0
29 Q 7.92| 1177 58 R 7.88 | 126.3

'Resonance assignments were determined from a 'H, "°N, "°N HSQC-NOESY-HSQC with 600 ms mixing time.



Table S3. Relaxation parameters determined for GCN4 at 300 K’

41T 16.45T
Residue
R; (s™) R, (s™) NOE R; (s™) R, (s™") NOE
3| 111 + 002| 305 + 038| -076 + 0.01| 1.07 + 003| 148 = 0.11|-041 + 0.01
5| 138 + 005| 497 + 084| -014 + 001|135 + 007| 584 = 0.31| 0.06 + 0.01
6| 139 + 004| 580 + 1.15| -001 + 0.01| 127 + 007| 602 = 0.33| 013 + 0.01
7/ 137 + 003| 601 = 097| -005 + 0.01| 132 + 007| 572 + 029| 0.10 = 0.01
8| 138 + 003| 609 + 1.07| -003 = 0.01| 131 + 007| 834 + 037| 011 = 0.01
9139 + 004| 669 + 123| 002 + 001|133 + 009| 758 = 0.38| 017 + 0.01
10( 139 + 005| 705 + 156| 006 + 001|125 = 0.10| 750 + 052| 0.18 + 0.01
11136 + 004| 702 + 130| 006 + 001|125 + 0.08| 754 + 040| 0.19 = 0.01
12136 + 006| 766 + 204| 014 + 001|126 = 011 775 + 061| 032 + 0.01
13127 + 001| 996 + 029| 018 + 001|118 = 0.03| 1026 + 0.24| 026 + 0.01
14128 + 001 1075 + 033| 026 + 001|112 = 0.04| 12.00 + 0.32| 042 + 0.01
15120 + 0.02| 1248 + 054| 027 + 001|110 = 0.05| 1239 + 047| 026 + 0.01
16| 117 + 0.01| 1272 + 055| 027 + 001|099 = 0.04| 1419 + 050| 0.36 + 0.01
17118 + 001 1127 + 033| 027 + 001|106 = 0.02| 1220 + 027| 035 + 0.01
18| 118 + 0.01| 1345 + 053| 034 + 001|101 = 0.03| 1461 + 047| 043 + 0.01
19| 114 + 002 1395 + 087| 028 + 001|098 = 0.06| 1468 + 0.73| 0.36 + 0.02
20| 1.10 + 0.02| 1353 + 067| 035 + 001|112 + 0.05| 1294 + 0.46| 029 + 0.01
21| 109 + 002| 1466 + 1.09| 034 + 001|106 + 0.08| 1545 + 0.94| 042 + 0.02
22| 104 + 002| 1511 + 1.08| 035 + 001|096 + 0.06| 1694 + 0.87| 0.38 + 0.02
23| 101 + 002| 1626 + 1.27| 036 + 001|094 + 0.07| 1913 + 1.30| 043 + 0.02
24| 101 + 003| 1650 + 196| 052 + 001|086 + 0.09| 1884 + 1.77| 053 + 0.03
25| 101 + 003| 1574 + 1.85| 049 + 001|087 + 0.09| 1797 + 163| 052 + 0.03
26| 082 + 0.04| 1983 + 278| 058 + 001|077 + 0.09| 2263 + 248| 040 + 0.03
27| 071 + 005| 2308 + 4.40| 068 + 001|062 + 0.09| 2891 + 447| 067 + 0.03
28| 077 + 005| 2153 + 367| 069 + 001|067 + 0072454 + 252| 074 + 0.03
29| 075 + 0.06| 2327 + 589| 072 + 001|060 + 0.12|27.36 + 567| 077 + 0.04




30| 0.75 =+ 0.06| 1995 + 3.30| 080 = 0.01| 0.63 = 0.07| 2350 = 222| 0.72 = 0.02
32| 0.76 + 0.07| 2255 =+ 3.82| 0.78 = 0.01| 0.63 = 0.07| 2554 = 290| 0.83 =+ 0.02
35| 0.75 = 0.06| 2396 + 343| 078 = 0.01| 0.64 = 0.05| 26.17 = 199| 0.80 += 0.02
37| 069 = 0.06| 25.06 =+ 4.19| 074 + 0.01| 0.61 = 0.06| 29.23 = 3.15| 0.78 += 0.02
38| 0.73 = 0.07| 2445 = 407| 086 = 0.01| 0.64 = 0.06| 2673 = 261| 0.75 = 0.02
39| 0.77 =+ 0.06| 22.04 =+ 340| 071 = 0.01| 0.69 = 0.06| 24.83 = 230| 0.71 x= 0.02
41| 069 = 0.07| 2721 =+ 527| 080 = 0.01| 058 = 0.07| 2747 = 3.12| 0.85 = 0.03
42| 0.78 =+ 0.05| 20.88 = 258| 073 = 0.01| 0.72 = 0.06| 2246 = 1.72| 0.75 += 0.02
43| 0.75 =+ 0.05| 2321 = 298| 0.77 = 0.01| 0.66 = 0.05| 2580 = 1.79| 0.74 += 0.02
44| 0.70 =+ 0.06| 2440 = 337| 072 = 0.01| 0.61 = 0.05| 28.37 = 267 | 0.77 = 0.02
45| 0.73 =+ 0.05| 25,51 + 326| 072 + 0.01| 0.68 = 0.05|26.32 = 190| 0.77 = 0.02
46| 0.78 = 0.06| 2215 = 276| 075 = 0.01| 0.71 = 0.05| 2422 = 169| 0.75 = 0.02
48| 0.68 = 0.06| 2391 = 337| 076 = 0.01| 0.60 = 0.05| 2694 = 238| 0.71 += 0.02
49| 0.77 = 0.06| 2339 = 295| 075 = 0.01| 0.69 = 0.05| 2544 = 196| 0.73 += 0.02
50| 0.76 =+ 0.05| 2268 = 233| 069 = 0.01| 0.66 = 0.04| 2453 = 152| 0.74 = 0.01
51| 0.74 =+ 0.06| 2150 + 2.04| 074 + 0.01| 059 = 0.05| 2285 = 155| 0.76 = 0.02
52| 0.75 =+ 0.06| 23.70 + 273| 074 + 0.01| 0.62 = 0.05| 2592 = 1.71| 0.78 += 0.01
53| 0.82 = 0.04| 2012 + 167| 068 = 0.01| 0.69 = 0.03| 2232 = 097| 0.70 = 0.01
54| 0.73 = 0.04| 2290 =+ 212| 065 = 0.01| 0.76 = 0.04| 2413 = 136| 0.65 = 0.01
55| 0.74 + 0.05| 2163 =+ 208| 063 = 0.01| 0.68 = 0.04| 2234 = 1.23| 0.61 =+ 0.01
56| 1.04 =+ 0.02| 13.71 =+ 052| 054 + 0.01| 1.03 = 0.02| 1469 = 0.29| 056 =+ 0.01
57| 113 = 0.07| 1012 = 217| 036 = 0.01| 1.10 = 0.05| 11.33 = 044 | 042 =+ 0.01
58| 1.10 = 0.03 6.74 + 053] -0.01 + 0.01| 099 = 002| 631 = 0.10| 0.08 = 0.01

'R, and R» spin relaxation rates at 16.45 T are adjusted for temperature as noted in the text.



Table S3 (continued)

18.8 T 211T
Residue
R; (s™) R, (s™) NOE R; (s™") R, (s™) NOE
31109 + 007| 359 + 0.04| -018 = 001|118 + 001| 216 + 0.07|-0.02 = 0.01
5/|124 + 014| 691 + 011| 014 = 001|134 + 001| 592 + 0.04| 029 = 0.01
6| 125 + 016| 620 + 013| 027 = 001|128 + 002| 633 + 0.05| 033 = 0.01
7/ 126 + 013| 742 + 012| 020 = 001|125 + 001| 670 + 0.04| 034 = 0.01
8|/ 127 + 015| 740 + 013| 022 = 001|129 + 001| 771 + 0.05| 035 = 0.01
9122 + 017| 812 + 016| 029 = 001|124 + 002| 841 + 0.06| 039 = 0.01
10| 126 + 022 846 + 022| 032 + 001|122 + 0.02| 809 =+ 0.08| 035 + 0.01
1] 124 + 018 828 + 0.15| 031 + 001| 1.19 + 0.01| 822 =+ 0.06| 0.39 + 0.01
12| 113 + 022 897 + 023| 032 + 001| 1.18 + 0.02| 9.04 + 0.09| 042 + 0.01
13| 110 + 0.04|11.00 + 0.08| 035 + 001| 1.02 + 0.01|11.71 = 0.06| 042 + 0.2
14| 104 + 0.05|1318 + 0.13| 040 + 001| 1.07 + 0.01|1413 = 0.09| 048 + 0.02
15| 1.00 + 0.07 1492 + 0.20| 041 + 001|098 + 0.01|1547 + 0.13| 047 + 0.2
16| 098 + 0.06|1461 + 022| 036 + 001|094 + 0.01|1541 = 0.13| 047 + 0.02
17| 107 + 0.04|1389 + 0.14| 038 + 001|095 + 0.01|1473 = 0.09| 049 + 0.01
18| 091 + 0.05|16.16 + 0.20| 0.39 + 001|094 + 0.01|1723 =+ 0.14| 050 + 0.02
19| 099 + 0.07|1654 = 033| 039 = 001|085 + 0.01[17.03 = 021| 056 = 0.03
20| 096 + 0.05|1657 = 0.26| 037 + 001|089 + 0.01|17.39 = 0.18| 049 + 0.02
21| 089 + 0.09|1814 = 044| 043 + 001|082 + 0.01/19.13 = 0.29| 057 + 0.03
22| 081 + 0.07|1894 = 0.39| 041 + 001|079 + 0.01/1939 = 0.25| 052 + 0.03
23| 083 + 0.09[19.29 = 055| 044 + 0.01| 080 = 0.01/2093 + 040| 048 = 0.03
24| 084 + 016|2088 = 0.81| 049 + 001|074 + 002|2154 + 055| 055 + 0.05
25| 0.80 + 0.12|2006 = 0.79| 057 + 001|074 + 0.02|21.32 + 059| 0.69 + 0.05
26| 068 + 0.12|27.08 = 153| 0.60 + 001|056 + 0.02/26.10 = 1.01| 0.68 + 0.06
27| 062 + 014|2990 + 237| 067 + 001|051 + 0.03|31.83 =+ 204| 077 + 0.06
28| 062 + 0.08|27.40 = 1.94| 070 + 001|049 + 0.02|2919 + 1.43| 0.80 + 0.04




18.8 T 211T
Residue
R; (s™) R, (s™) NOE R; (s™) R, (s™) NOE

29| 057 + 0.14|2982 = 292| 076 + 001|049 + 0.03|31.86 = 230| 072 + 0.06
30| 059 + 0.09(28.01 = 233| 080 + 0.01| 052 = 003|2866 + 1.64| 071 = 0.04
32| 059 + 0.08|2760 =+ 209| 078 + 001|049 + 0.03|2880 = 1.47| 078 + 0.03
35| 061 + 0.05|30.14 = 168| 0.84 + 001|048 + 0.02|31.46 = 1.33| 0.67 + 0.03
37| 054 + 0.07|3260 =+ 259| 0.80 + 001|041 + 0.03|3206 + 1.80| 0.74 + 0.03
38| 054 + 0.08(31.31 = 255| 066 + 0.02| 047 = 003|3363 + 1.89| 0.84 = 0.04
39| 058 + 0.06|27.78 =+ 166| 073 + 001|048 + 0.02/30.13 = 1.39| 073 + 0.03
41| 056 + 0.10|32.03 = 3.14| 074 + 002| 046 + 0.03|3165 = 1.99| 0.81 + 0.05
42| 064 + 0.07|2732 = 156| 076 + 0.01| 046 + 0.02/29.93 =+ 1.30| 0.81 + 0.03
43| 062 + 0.05|2794 = 150| 072 + 001|050 + 0.02|3234 = 126| 076 + 0.03
44| 055 + 0.07|31.77 =+ 256| 076 + 001|046 + 0.03|31.86 = 156| 0.78 + 0.03
45| 057 + 0.06|2953 = 1.93| 070 + 001|046 + 0.02|3057 = 1.34| 0.76 + 0.03
46| 062 + 0.05|2686 = 1.38| 072 + 001| 051 + 0.02|29.44 = 1.07| 079 + 0.03
48| 053 + 0.06|2954 = 206| 074 + 001|044 + 0.02|3306 = 1.51| 079 + 0.03
49| 058 + 0.05|30.17 = 156| 073 + 0.01| 050 + 0.02/3091 = 1.27| 079 + 0.02
50| 059 + 0.04|2673 = 1.20| 072 + 001|048 + 0.01/2873 = 0.89| 075 + 0.02
51| 058 + 0.05|23.31 = 076| 068 + 0.01| 050 = 002|2549 + 0.58| 080 * 0.03
52| 0.61 + 0.06|2816 = 171| 075 + 001| 047 + 0.02|3243 = 1.33| 077 + 0.2
53| 0.61 + 0.03|2476 = 0.77| 072 + 001|055 + 0.01|27.28 + 0.67| 072 + 0.02
54| 059 + 0.04|27.07 = 0.92| 066 + 001|047 + 0.01/2820 + 0.82| 0.65 + 0.02
55| 059 + 0.04(2659 = 1.07| 061 + 0.01| 050 = 002|29.02 + 0.84| 069 = 0.02
56| 0.90 + 0.02|16.14 = 0.26| 055 + 001|074 + 0.01|17.18 = 0.18| 059 + 0.01
57| 094 + 0.07|1225 + 0.36| 044 + 001|083 + 0.02|1285 =+ 0.14| 053 + 0.01
58| 096 + 0.03| 9.37 = 0.11| 014 + 001|093 = 001| 846 + 0.03| 026 = 0.01




Table S4. Model-free parameters for GCN4 determined using the program relax'

Residue | Model |  »° ™ (ns) s? 7 (pS) s¢ 15 (ns) S:? (8%S¢)
3 6| 588.33 0.06 = 0.01| 4193 = 070|060 = 0.01| 0.75 + 0.01|0.09 = 0.01
5 6| 268.30 0.13 = 0.01| 6659 = 171059 = 0.01| 1.30 = 0.01|0.23 = 0.01
6 6| 30.69 014 + 0.01| 4414 + 124|060 = 0.01| 1.30 = 0.01|0.24 = 0.01
7 6| 171.52 016 + 0.01| 5522 + 124|058 = 0.01| 1.37 = 0.01| 027 = 0.01
8 6| 54.33 0.19 = 0.01| 59.86 +* 154|062 = 0.01| 1.35 = 0.01|0.30 = 0.01
9 6| 30.64 021 = 0.01| 4571 = 140|064 = 0.01| 1.28 + 0.01|0.33 = 0.01
10 6| 50.12 020 = 0.01| 41.34 + 148|062 = 0.01| 1.33 = 0.01[0.33 = 0.01
11 6| 35.97 021 + 0.01| 4121 = 1.10[061 = 0.01| 1.35 + 0.01 | 0.34 = 0.01
12 6| 122.29 023 = 0.01| 48.03 = 175|061 = 0.01| 1.59 + 0.01|0.38 = 0.01
13 6| 189.80 032 = 0.01| 41.98 = 073|064 = 0.01| 149 = 0.01[0.51 = 0.01
14 6| 7495 040 = 0.01| 4984 =+ 116|071 = 0.01| 1.60 +* 0.02| 0.56 = 0.01
15 6| 68.07 045 = 0.01| 4537 + 156|072 = 0.01| 1.47 = 0.03|0.62 = 0.01
16 6| 55.95 045 = 0.01| 5262 + 125|069 = 0.01| 1.79 = 0.04 | 0.65 = 0.01
17 6| 69.38 042 = 0.01| 4551 = 095|068 = 0.01| 1.66 * 0.03|0.62 = 0.01
18 6| 59.28 050 = 0.01| 60.45 + 1.43[0.73 = 0.01| 206 + 0.05|0.69 = 0.01
19 6| 59.24 051 + 0.01| 4481 = 1.84(073 = 0.01| 1.44 = 0.04|0.70 = 0.01
20 6| 76.92 050 = 0.01| 59.67 = 1.65|0.71 = 0.01| 231 + 0.07 [ 0.71 = 0.01
21 6| 3072 057 = 0.01| 48.09 = 248|076 = 0.01| 1.50 + 0.05| 0.75 = 0.01
22 6| 26.61 059 = 0.01| 4877 = 217|076 = 0.01| 1.53 = 0.06 | 0.78 = 0.01
23 6 3.34 063 = 0.01| 49.78 + 3.48(0.80 = 0.01| 1.33 = 0.06 | 0.79 = 0.02
24 6 6.39 064 = 0.02| 56.41 = 6.37[0.79 = 0.01| 3.71 = 0.93|0.82 = 0.02
25 6 6.77 065 = 0.01| 28.78 = 3.17[0.80 = 0.01| 148 = 0.09|0.81 = 0.02
26 5| 60.71|16.04 = 0.36| 0.88 = 0.02 0.94 + 0.02| 027 = 0.04| 094 = 0.03
27 2 9.87 1821 + 0.56| 0.96 = 0.01 0.16 + 0.06
28 5| 1594|1713 = 047|090 = 0.02 093 + 0.02| 028 = 0.10| 097 = 0.03
29 2 4431822 + 074|098 = 0.01 0.35 + 0.21
30 2| 66.30|16.59 = 049|091 = 0.03| 2251 = 28.86




Residue | Model N ™ (NS) s? 7 (pS) S¢ 15 (NS) S (S¥SP)
32 2 3.05(16.89 + 050|091 = 0.03| 19.37 = 27.00
35 2| 4838|1755 + 0.39| 095 + 0.02| 28.02 + 4544
37 5 9.60|19.74 + 1.26| 0.88 + 0.05 091 + 0.04| 059 + 0.36|098 = 0.06
38 2| 102631843 + 058|094 + 0.03| 30.83 = 83.09
39 5 1.3417.37 + 048|091 + 0.02 093 = 0.02| 029 + 0.13|0.97 + 0.04
M 2| 11.34|1860 + 065|092 + 0.03| 21.42 + 57.64
42 5 9.45|17.12 + 0.49| 0.89 + 0.03 091 + 0.02|0.39 = 0.18|0.98 = 0.04
43 2| 1537|1747 + 039|094 + 0.02| 49.78 + 29.10
44 5 3.10[18.98 + 081|090 = 0.04 093 + 0.03| 050 = 025|097 = 0.05
45 2| 2327|1782 + 042|092 + 0.02| 4050 + 21.86
46 2| 1143|1652 + 033|093 + 0.02| 4396 + 2227
48 2 7371878 + 0.47| 091 = 0.02]| 2812 + 16.06
49 2| 15.65|17.30 + 0.36| 095 + 0.02| 58.11 + 43.61
50 5 5.26 | 17.18 + 0.35| 0.88 = 0.02 091 + 0.02| 0.38 = 0.09| 097 = 0.03
51 2| 2344|1588 + 028|084 + 0.01| 2290 + 3.15
52 2 8.56 |17.85 + 0.40| 093 = 0.0236.95 =+ 20.08
53 5 8.18 1595 + 0.26| 0.89 + 0.01 092 + 0.01| 041 + 008|096 + 0.02
54 5| 26.87|17.19 + 0.26| 0.88 = 0.01 092 + 0.01| 023 + 004|096 + 0.02
55 5| 15.15[16.99 + 0.29| 0.88 + 0.01 093 + 0.02| 0.18 = 0.03| 095 = 0.02
56 6| 55.91 050 + 0.01| 3034 + 099|069 + 001|313 + 0.16|0.72 + 0.01
57 6| 102.05 036 + 0.01| 2805 = 099|060 * 001|191 = 0.03|0.61 = 0.01
58 6| 598.91 022 + 0.01| 4353 + 054[049 + 0.01| 155 + 0.01|0.45 + 0.01

'Relaxation data were analyzed with a fixed ty for the basic and disordered C-terminal regions. Input data were
from Rs, R», and {"H}-"°N heteronuclear NOE rate constants determined at 14.1, 16.45, 18.8, and 21.1 T.



