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The BG21 Isoform of Golli Myelin Basic Protein Is Intrinsically Disordered with a
Highly Flexible Amino-Terminal Domaih
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ABSTRACT. The genes of the oligodendrocyte lineage (Golli) encode a family of developmentally regulated
isoforms of myelin basic protein. The “classic” MBP isoforms arise from transcription start site 3, whereas
Golli-specific isoforms arise from transcription start site 1, and comprise both Golli-specific and classic
MBP sequences. The Golli isoform BG21 has been suggested to play roles in myelination and T cell
activation pathways. It is an intrinsically disordered protein, thereby presenting a large effective surface
area for interaction with other proteins such as Golli-interacting protein. We have used multidimensional
heteronuclear NMR spectroscopy to achieve sequence-specific resonance assignments of the recombinant
murine BG21 in physiologically relevant buffer, to analyze its secondary structure using chemical shift
indexing (CSI), and to investigate its backbone dynamics uSiNgspin relaxation measurements. We

have assigned 184 out of 199 residues unambiguously. The CSI analysis revealed little ordered secondary
structure under these conditions, with only some small fragments having a slight tendencyctdvegdiaity,

which may represent putative recognition motifs. Tk relaxation and NOE measurements confirmed

the general behavior of the protein as an extended polypeptide chain, with the N-terminal Golli-specific
portion (residues S5T69) being exceptionally flexible, even in comparison to other intrinsically disordered
proteins that have been studied this way. The high degree of flexibility of this N-terminal region may be

to provide additional plasticity, or conformational adaptability, in protginotein interactions. Another

highly mobile segment, A126-S127-G128-G129, may function as a hinge.

The genes of the oligodendrocyte lineage (Gbiye rise sclerosis 8—6). The Golli isoforms arise from transcription
to several isoforms of the myelin basic protein (MBP) family start site 1 and have some structural elements in common
(1—3). The classic isoforms of MBP arise from transcription with classic MBP but are more ubiquitously expressed in
start site 3 and are expressed primarily in the mature centralneurons and oligodendrocytes during embryonic development
nervous system, where they are known to maintain the or differentiation, in specific subsets of neurons, in the
compaction of the myelin sheath)( These proteins are also  immune system (spleen and thymus), and in olfactory brain
candidate self-antigens in the autoimmune disease multipleregions 7—11).

It has been suggested that Golli MBPs might have roles
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of these proteins, alone or with their interacting partners like nuclear experiments: HNC@1—33), HN(CA)CO (32, 34),
GIP. HNCACB (35, 36), CBCA(CO)NH @35, 37), and HBHA-

On the basis of their net charge to mean hydrophobicity (CBCACO)NH @5, 37). The relevant acquisition parameters
ratio, and various spectroscopic measurements, all knownfor the different spectra are summarized in the Supporting
forms of MBP (both classic and Golli) belong to the class Information.
of intrinsically disordered proteins (IDPs),(20). Many Sequential connectivities of backbone resonances through
intrinsically disordered proteins are multifunctional and/or prolyl residues were established using HACAB8,(39) at
involved in signaling pathways. They have an extended 7 °C. For the purpose of spin system identification, both
conformation to present a large effective surface area for HNCACB and HBHA(CBCACO)NH were utilized. All
interaction with a variety of diverse ligands, all of which spectra were processed using NMRPif@) (A Lorentz-to-
they bind with high specificity, and are often hubs of protein Gauss window function was applied in all dimensions with
interaction networks21, 22). proper line broadening. The time domains were zero-filled

The most powerful approach to probing the conformational UP 0 1024x 1024 x 4096 complex points in the; x F»
dynamics and interactions of intrinsically disordered proteins * Fs dimensions, respectively, prior to Fourier transforma-
is nuclear magnetic resonance (NMR) spectrosc@py24). tion. The!H qhem|cal shifts were refgrenced dlrec'tly to 2,2-
Recent advances in NMR technology have allowed full dimethyl-2-silapentane-5-sulfonic acid (DSS), while th¢
assignments of backbone resonances of partially folded and@nd**C chemical shifts were referenced indirectly to DSS
unfolded proteins and have also shed light onto the structure(41). The two-dimensional®N—*H heteronuclear single-
and dynamics of those proteins by the use of parameters suct§luantum coherence (HSQG)X-45) spectra were acquired
as chemical shifts, scalar coupling constants, and temperaturé@s @ function of temperature to assist in the analysis and
coefficients @3, 25). The deviation of chemical shifts of ~interpretation of the heteronuclear 3D data at°Z7 The
many spins, includind®C®, 3C#, 13C', and*He from random IN—!H HSQC spectra were measured at 7,11, 15, 19, 23,
coil values, provides a sensitive probe of secondary structure2nd 27°C, and the gradual change of positions of cross-
propensitiesZ6, 27). The measurement N and*3C spin peaks already assigned atC was followed.
relaxation rates provides information about internal dynamics ~ Backbone Resonance AssignmeAlisspin systems were
of proteins on the picosecond to nanosecond and microsecond@eated on the basis &1, **N, and*H ppm values of*C'i
to millisecond time scales2p, 28, 29). — 1], N[i], and *H"[i] of each system in the HNCO

In this study, multidimensional heteronuclear NMR spec- SPectrum. The spins were picked and assigned using CARA

troscopy was used to achieve sequence-specific resonancé®) and an in-house script written in LUA (www.lua.org)
assignments of the 21.6 kDa recombinant murine Golli-Mp and executed using the built-in LUA interpreter. All other
isoform (rmBG21) and the analysis of its secondary structure SPINS, Clil, C*(i — 1], O[], C/[i — 1], C[i], and H, were
using chemical shift indexing (CSI) and 6N spin relaxation picked and partially assigned automatically using another set
measurements to investigate its backbone dynamics. This i2f in-house LUA scripts. The remaining unassigned spins

the first step toward studies of rmBG21’s interactions with Were identified manually. Most of the sequence-specific
other proteins such as GIP. connectivities were established using AUTOLINK7). The

remaining assignments were obtained manually using itera-
MATERIALS AND METHODS tive trials. _ _ _ _ o
_ _ Secondary Chemical ShiffEhe chemical shift deviations

Materials.Most chemicals were of reagent grade and were were used to assess the secondary structure propensities along
acquired from either Fisher Scientific (Unionville, Ontario, the backbone of rmBG21. Random coil valud®)(were
Canada) or Sigma-Aldrich (Oakville, Ontario, Canada). corrected for sequence dependence using sequence-specific
Electrophoresis grade chemicals were purchased from ICNcorrection factors determined for a set of Ac-GGXGGNH
Biomedicals (Costa Mesa, CA) or Bio-Rad Laboratories peptidesii 8 M urea at pH 2.349). The normalized sequence
(Mississauga, Ontario, Canada). The'NNTA (nitrilotri- corrected chemical shift indexasoC?, ASCF, AN, and

acetic acid) agarose beads were purchased from QiagemsHN for C*, C#, N, and HY, respectively, were combined
(Mississauga, Ontario, Canada). The stable isotopic com-to yield a normalized chemical shift index:

pounds DO, **NH,CI, and [*Ce]glucose were obtained from

Cambridge Isotope Laboratories (Andover, MA). CSly =
Sample PreparationThe 21.6 kDa recombinant murine 1 o 1 5 N
BG21 (rmBG21) was expressed Escherichia coli grown {[A0CT]y = F([AOCT]y + [AON]y + [A0HT]\)p (1)
in M9 minimal media supplemented witf*C]glucose and
NH.CI, and purified as previously describe80). All 15\ Relaxation MeasuremenfBhe relaxation parameters

measurements were done on a single 1 mM protein sampleof 15N were measured using standard approachés$2).
in 100 mM KCl and 90% HO/10% DO, pH 6.9+ 0.1. An The spin-spin relaxation constar®, measurements were
amount of 0.005% NaiNwas added to inhibit bacterial done with Carr-Purcel-Meiboom-Gill (CPMG) (53)
growth. delays of 0, 64, 128, 160, 192, 224, 256, 288, and 320 ms.
Chemical Shift Assignmenll of the NMR experiments The relaxation rate was determined from the decay of the
were recorded on a Bruker Avance spectrometer operatingintensity of eacH®N—!H cross-peak in this series of spectra.
at a proton Larmor frequency of 600.13 MHz. All resonance The R; (51, 52) rate measurements were conducted with
assignments were done atC. Sequential connectivities of  relaxation delays of 1.6, 50, 100, 200, 300, 400, 800, 1000,
backbone resonances of all residues but prolines wereand 1200 ms. All of the relaxation parameters along with
established using the standard Bruker suite of 3D hetero-the '>SN—{'H} NOE constant for backbon&N nuclei were
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measured at 7 and 2T, at a field strength of 600.13 MHz, 5N (ppm)
and with 38 transients per point. The relaxation constants 12170 123.70 12353 12445 117.20 12669 120.47

and the experimental errors were extracted by a single—s .
exponential curve fitting of the peak heights using the | _ 1 1
SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, {174
University of California, San Francisco) built-in option. The
best fit was obtained by minimizing the root-mean-square ] 175
(RMS) deviation of the experimental peak heights from the
fit. Random errors foR; and R, values were estimated by {176
calculating a best fit for a set of perturbed heights 5000 times; |
the heights were perturbed by computer-simulated noise with 1177
a Gaussian distribution of zero mean and with variance equal
to the root-mean-square deviation of the original heights from 1178
the original best fit. The spread in the best fit values was .
used as a measure of the experimental random error. i i i A~
The steady-statg'H} —'5N NOE constants were obtained K6 R7 ES L9 S10 A1l E12 3
from the ratiolnoe/Inonos, Wherelnoe and Inonoe are the _ 3
peak heights in the NOE spectra with and without proton | ..} .} f | “‘“‘"‘""’” 51
saturation, respectively. The spectra were collected using a | ; i
standard experiment described elsewhgig, ith the same e 5 Pl 28
acquisition parameters as those of the HSQC spectrum,;m.%'@@ﬁ % f —
except that the number of transients per point was 192. The| ' | S
uncertainty in measuring NOE constants was determinedt. = o 5 Pl i i
; X L adp,m__..., i U 1 42
using the relation: - — ; ;
:; .................. H— 0 N SR - 1 49
o — Inoe [(OlNOE)2+ (GINONOE)Z 12 @ L1 4= = E & —r
NOE |NONOEI. Inoe INonoE sﬂﬁmw@ ﬁ::;m——és': o 56
whereoinoe and oinvonoe are the white level noise of both —— : - %3
spectra with and without proton saturation, respectively. 806 836 845 8'126 823 82 820
Those noise levels were evaluated as the RMS intensity of H (ppm)
a region free of any peaks, using an in-house LUA script Ficure 1: Strip plots extracted from three-dimensional hetero-
executed using the built-in LUA interpreter in CARARG). nuclear NMR experiments for backbone assignment. Inter- and
intraresidue correlations were obtained from the HN(CA)CO
RESULTS AND DISCUSSION spectrum (top), correlating theMH] and N[i] with C'[i] and Cfi

— 1] resonances, and from the HNCACB spectrum (bottom),
NMR Resonance Assignmertgiformly 13C,'>N-labeled correlating HY[i] and N[] with C°[i], C*[i — 1], C/[i], and
rmBG21 dissolved in water with 10%,D, 100 mM KCI Cfli — 1] resonances. Both experiments were recorded &E.7
and 0.005% sodium azide at pH 6£90.1 \;vas used for tfine Connectivities between residues K6 and E12 of rmBG21 are shown.
multidimensional NMR studies. The sample was found to

be very stable (as judged by criteria such as the undiminishedamide nitrogen atomd5\) are much less structure-depend-
NMR signal intensity) for at least 1 year in these solvent ent, put much more sequence-depend@t%5, 57). Thus,
conditions and in a wide range of temperatures from 7 t0 gur sequential assignment strategy relied heavily on the use
37 °C. Whereas the classic MBP isoforms are primarily of CO-based triple-resonance experiments, HN(CA)CO and
membrane-associated in vivo, justifying the use of membrane-4yNCO, and was assisted by ®ased CBCA(CO)HN and
mimetic solvents and other such conditiofhs34), the Golli HNCACB triple-resonance experiments.

protein is not necessarily lipid-associated in the cell. Thus, aAs an example, parts of the HN(CA)CO and HNCACB
the solution condition used here for rmBG21 was chosen asgpectra used for backbone assignments are shown in Figure
being simple yet still physiologically relevant, especially for 1 oyt of a total of 199 residues, 184 residues were assigned
future protein-protein interaction studies. In contrast to nambiguously. The assignments of eight other residues, N2,
membrane-associated proteins, we have never observe 86, G5, G188, K6, K189, E24, and E47, were ambiguous
B%ilsit(;)uga;/e Zspwgfgs}ﬁﬁﬁfﬁgrggaﬁiw Sglllijt;‘gé due to sequence similarity and the disordered nature of the
yp y g amp protein, which resulted in identical chemical shifts for

chemical shifts from a combination of HNCACB and : . . i
HBHA(CBCACO)NH experiments. Because of the low corresponding spins. The fI.I’St. two residues, N2 and N86,
are parts of the sequence-similar fragments G1-N2-H3 and

degree of ordered secondary structure, the chemical shifts . L .
in intrinsically disordered proteins such as BG21 are poorly G85-N86-R87, respectively. Likewise, the glutamyl residues
dispersed compared to classically folded ones. The spinsE24 and E47 are found in the middle of similar triplet
whose chemical shifts are most affected by this property arefragments: G23-E24-A25 and G46-E47-A48. Finally, the
C*, O, H, and H. Consequently, the € C, He, and HY G5-K6 and G188-K189 pairs are found in the similar
chemical shifts for the same residue type tend to be fragments S4-G5-K6-R7 and S187-G188-K189-V190. The
degenerate5E). Spin system overlap and degeneracy make remaining seven unassigned residues included R164, D170,
it difficult to use the standard methodology for assignment, and five histidyl residues belonging to the kiag (H195-
pioneered by Wihrich and co-workers5g). In contrast, the ~ H199), which could not be assigned because of the spin
chemical shifts of the backbone carbonyl carb&€') and system overlap in the HSQC spectra. The assighed®C,
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FIGURE 2: (a) Two-dimensionalH—15N HSQC spectrum of rmBG21 at ZTC, with backbone resonance assignments of most resolved
non-prolyl resonances. (b) Amino acid sequence of rmBG21. Assigned residues, which are resolved in the HSQC spectrum, are shown in
black. Residues assigned, but not resolved in the HSQC spectrum, and prolyl residues are shown in gray. Ambiguously assigned residues
are shown in gray and underlined. Unassigned residues are shown in black and underlined.

and!*N chemical shifts at 7C have been deposited in the were reassigned with the assistance of the 3D CBCA(CO)-
BioMagResBank database (http://www.bmrb.wisc.edu) with NH correlation experiment. The same experiment was used
accession number 7358. to obtain assignments of°Cand & chemical shifts at 27

To follow possible temperature dependence of the second-°C. The peaks did not undergo significant shifts in the carbon
ary structure $8—64), and to facilitate the temperature- dimension: the positions of the*Gesonances shifted by
dependent relaxation studies discussed below, the assignup to 0.696 ppm with a mean of 0.261 ppm, whereas the C
ments of cross-peaks in thel—°N HSQC spectrum were lines shifted by up to 0.445 ppm.
extended to 27C by simply monitoring the gradual change To map the pH dependence of the spectra, a set of 2D
of the cross-peak positions in the range between 7 andH—'N HSQC spectra were collected at different pH values
27 °C. The peaks that overlapped in the HSQC spectrum in the range 5.610 (not shown). Spectra of rmBG21 at pH
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o8l [a)' ilkiENGEEER SRRl higher than 8.0 lacked many cross-peaks due to fast exchange
=i 1 of amide protons@5). The dispersion of the HSQC spectra
g at pH values in the range of 58 indicated that the protein
i”‘“mwwwm remained unstructured. Oligodendrocytes have been shown
g0l 1 to have intracellular pH microdomains, discrete regions
-0.8f ] differing from the surrounding cytoplasm by0.1 pH unit

N L AR S DT S (66). It would be expected that such pH variations alone
would not have a significant effect on the conformation of
BG21 in vivo.

Figure 2a shows th#H—15N HSQC spectrum of rmBG21
taken at 27°C, along with spectral assignments. The
chemical shift dispersions &N (~20 ppm) and especially

————— e of HN (~0.9 ppm) were largely independent of temperature
() in the probed temperature range and are typical for strongly
1k ] unfolded proteins, e.g., for denatured ubiquit@7)( At all

Mﬂmwmwlﬂml temperatures, the cross-peaks in the HSQC spectra are
separated into regions typical of the residue random coll
positions (G, S/T, other backbone amides), in line with our
[ N W R previous circular dichroism (CD) spectroscopy studies of
I (@ ] rmBG21 demonstrating that it has an extended conformation

ASC” (ppm)
[=]

g 1+ ” | | | I | I | | || . under normal conditions3Q). Overall, a total of 120 residues
ST ] out of the unambiguously assigned 174 non-prolyl residues
ot 1 were resolved in thetH—'*N HSQC plane and could be used
< 1 for site-specific analysis of the molecule. The residues
i el Al gl Ly ple byl 7 corresponding to these 120 peaks are uniformly distributed
=0 |01 | o0 | B9 00, 120, 14D 180 180 along the protein amino acid sequence as shown in Figure
Residue 2b. Thus, théH—15N HSQC spectrum can be considered to
FiGure 3: Chemical shift difference index plots of'Ha), N (b), be representative of the entire protein’s behavior, e.g., in

C? (c), and & (d). The random coil values forjiN, and G have ; ; ;
been adjusted for sequence dependence (corrections fme@ot relaxation studies als expla!ned belovy. . .
available). The reference lines in these plots correspond to threshold Secondafy Chemical Shift¥he deviations of ?hemlcaﬂ
values at which differences begin to reflect regions of possible shifts of 13C, 13CA, 13C', andH* from random coil values
ordered secondary structure formati@®)( provide a sensitive amino acid-specific probe for secondary

structure propensities. Both theoretical calculations and
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Ficure 4: (a) Overall normalized chemical shift difference index. The reference line corresponds to an approximate threshold value at
which the CSils start to reflect regions of ordered secondary structure. This threshold value has been estimated from eq 1 along with the
reference values in Figure 3. (b) Hydrophobic cluster analysis (HCA) plot of rmBG21. Four amino acids are represented here by special
symbols (J, threonined, serine;®, glycine; %, proline). The visual enhancement is achieved by the use of the following colors: green

for hydrophobic residues (V, L, I, F, W, M, Y), red for “acidic” (D, E, N, Q) and prolyl (P) residues, blue for “basic” residues (H, K, R),

and black for other residues (G, S, T, C, A). Sets of adjacent hydrophobic residues are contoured and named hydrophobic clusters. The top
bar of panel b shows the different exons of the gene encoding rmBG21: ex@waré Golli-specific exons, and exon 5 is the classic exon.
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FiIGURE 5: Relaxation measurements of rmBG21 &C7and at 600 MHz field strength: (a) heteronuclé#i} —15N NOE values; (bR,
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Ficure 6: Experimental relaxation measurements of rmBG21 atQ@7and at 600 MHz field strengtim) and MODELFREE best fit

values Q): (a) R; values; (b)R; values; (c) heteronucledgitH} —15N

NOE values.

empirical analyses have shown that these resonances ara the fragments R7A14, K27—Q36, S42-151, D114

reliable indicators of secondary structur@7,( 68). In
a-helices, bothH3C* and13C' are shifted downfield relative
to their random coil values, where¥€# and'H* are shifted
upfield. In S-strands,’*C* and*3C' are shifted upfield, and
13CA and*H* are shifted downfield relative to their random
coil values @3, 25, 27, 68). The combined use of these

Q120, T124-S135, and K144R156 @0) [and fragments
L130—S135 and 1168F175 based on the YASPIN predic-
tion method 69)], a conventional multinuclear chemical shift
indexing 68) suggests here that the whole protein exists in
a random coil conformation under our solution conditions
at both temperatures examined, 7 and@7 The sequence-

secondary shifts gives more precise definition of secondary corrected 49) chemical shift indexing of individual nuclei
structure boundaries than the use of single spin shifts aloneshown in Figure 3 indicates that the majority of the
(23, 25, 27, 68). Although sequence-based predictions of resonances are in the random coil range, except for a minor

rmBG21 indicate the potential presence of somkelices

number of residues scattered along the sequence that have
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deviations corresponding w@-helix or -strand, but not in indicating some degree of nonrandom structure in this
very extensive run2g, 68). For example, the Gshifts show fragment. However, there is one notable exception, the
some weak tendency toward formatioryeétrands, whereas  fragment A125-S135, whereR; values exhibit a well-

both amide nitrogen and proton deviations display a com- pronounced minimum and are consistent with the NOE data
bination of both possibilities for different fragments of the that also show a minimum here. This fragment has a high

protein. proportion of residues with short side chains, A125, A126,
To get a more consistent picture of residual secondary S127, G128, and G129, and the motions of these residues
structure in rmBG21, the shifts 38C®, 13C#, 1HN, and 5N are less sterically constrained. It has been noted previously

were combined to yield a normalized chemical shift index that motifs rich in Gly and Ala may exhibit extra flexibility
plot, shown in Figure 4a. Most of the protein exists in the due to their small side chain size and may serve as molecular
random coil conformation except for minor fragments around hinges in protein folding1). By contrast, lower and much
V132—S135, T15+D153, and S174G173, which show a  less disperseR; values are observed here for the N-terminus
slight tendency toward-helicity. Interestingly, some of these ~ 0f rmBG21, indicating increased flexibility in the first 65
fragments can be identified as containing hydrophobic residues and a much higher degree of structural randomness.
clusters, shown in Figure 4b, and correlate well with the This result also correlates with the lower NOE values for

sequence-based predictions whelix formation for frag- ~ the N-terminal end. . _
ments L136-S135 and 1168F175 @0). To check if a certain degree of restriction of dynamic

Experimental NMR Relaxation Ratd@ ascertain further motion persists at elevated temperatures, the relaxation

the extent of local motions, a set of relaxation measurementsmeasurernents were repeated a7 Figure 6 shows the
was performed. The NMR relaxation ratBs and Ry, and Ry, R;, and NOE data recorded at that temperature. Overall,

the {*H} —1°N NOE values, are sensitive to the backbone Fhe_ Re .values at 27°C are Iowe_r .fpr the entire proteir_l,
motions on the picosecor;d to nanosecond time scale In|nd|cat|ng overall increased flexibility. In agreement with
addition,R; is influenced by motions on the microsecond to ?hur’&r;aej%slure_n;]efnts at?x?gsﬁ-ltggﬂmusl(G{rD65)Iand
millisecond time scale, which originate mainly from con- 1€ y-rich fragmen , ave loweR; values.
formational or chemical exchange processes. Thus the 1 Nis result correlates well with the significantly negative
analysis of Ry, R, and {*H}—5N NOE constants fo’r NOE values for these fragments. In particular, the N-terminal
backbone ami'de ﬁitrogen provides information about the portion of the protein contains two fragments encompassing

backbone dynamics on both the picosecond to nanosecond€Sidues E8E40 and G46 D65, which become much more
and microsecond to millisecond time scal@§)( mobile. The corresponding NOE values are in the range

. . e S 15 —0.16 t0—0.76 with a mean 0f-0.37 for E8-E40 and in
Despite poor chemical shift dispersion in thid—N the range—0.18 to—1.1 with a mean of-0.41 for G46-

HSQC spectra, a total of 120 cross-peaks of 174 assignedrgg These figures are comparable to the NOE values
non-prolyl residues were well-resolved, and 107 of them were 1, oasured for other IDPs. which range from.4 to—1.2

of sufficient intensity that they could be used for relaxation depending on the size and restriction of motion due to
measurements. THeN relaxation measurements were carried clustering and/or position along the sequer2e 72).

out at two temperatures, 7 and 2C. Figure 5a shows Further examination of Figure 6 shows that most of the
steady-state heterr?nuclear NOE [ntekr]13|t|es fél‘s a f“ffl‘ct'or.‘ k?fresidues between N74 and R185 have positive NOE values,
residue number. The NOE intensities have a flat profile, with ,qicating that this part of the protein is less mobile on a

the vast majority of NOE values being positive with mean icnsecond to nanosecond time scale, compared to most of
values of 0.2-0.5. These values are significantly lower than jis'n_terminal part. The only exception is again the small
expected for a folded protein. For comparison, residues fragment of residues A128.130, where significantly nega-

involved in o-helix or f-strand structural motifs in folded 6 NOE values are observed. In addition to having a large
proteins of a size comparable to BG21 have NOE values ,.on4rtion of glycines and alanines, this highly flexible

larger than 0.6, whereas those in relatively flexible loops fragment also occurs at the end of the last Golli-specific

and turns have positive values smaller than 06).(The fra : ; ; :
. - gment preceding the classic MBP, which comprises the
reduced NOE values measured in rmBG21 indicate much regiqyes starting from M133, excluding the C-terminal EEH

less restricted dynamics on the picosecond to nanosecon

time scale, which is consistent with general lack of ordered épectral Density FunctioriThe three relaxation param-
secondary structure in rmBG21, as evident also from the CSl g1 g, 'R, and NOE are determined by the spectral density
analysis. In particular, the residues around @bBB0 and function J(w) (73):

A125—-G128 show much lower NOE values 0£0.2, ’

indicating that these fragments experience less restrictedg — (¢2/4)[J _ +13] +6] + +
motions. Interestingly, although all NOE values are lower ! (@A = o) (@n) (@ + )]

than those typically measured in folded proteins, they are Iwy) (3)

all positive, indicating that the dynamic motions are more

restricted than in a “canonical” IDR29). R, = (d?/8)[4J(0) + J(wy, — wy) + 3)(wy) + 6)(wy,) +
The R, measurements (not shown) show a featureless 6J(wy, + )] + (c2/6)[4J(O)+ 33(w)] + R, (4)

profile with relaxation rates ranging from 1.5 to 2:7,awith

an average around 2’s TheR; values generally found for

folded proteins of similar size are in the range-1102 s NOE = 1+ (d/4R) (/v 64wy + wy) —

(70), which suggests an increase in the overall tumbling of Jwy — wy)] (5)
rmBG21 compared to folded proteins. TRgvalues shown

in Figure 5b are much more sequence-dependent and rangavhered = (uohynyn/87?) iy 30 ¢ = wnAGl(3)Y3, uo is the
from 5to 13 s. In particular, theR; values for the residues  permeability of free spacdy is Planck’s constantyy and
from D65 to R185 are quite dispersed and generally higher, vy are gyromagnetic ratios of hydrogen and nitrogen nuclei,
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Ficure 7: Spectral density function at ZIC, derived at frequencies
mean values of each of the spectral density functions.

respectivelyrny is the protor-nitrogen bond lengthyy and
wy are the Larmor frequencies for the proton and nitrogen
nuclei, respectively, ando is the chemical shift anisotropy
of N (—160 ppm). HereRe is a term introduced to account
for contributions arising from conformational averaging on
the microsecond to millisecond time scale that are not
averaged by the CPM&B) pulse train.

The three experimental paramet&s R, and NOE are
not sufficient to extract the spectral density functidw),
at five frequencies. However, the valuesdéhy), J(wy +
wn), andJ(wy — wy) can be assumed to be approximately
equal in the case 0fN relaxation {4—76). Furthermore,
assuming that the contribution from slow conformational
exchangeRey, is negligible, then eqs-35 can be solved for
the spectral density function:

Jwy) = 0.2R,(NOE — 1)(4/P)(y\ /vy (6)

Jwy) = 4R/(3d + 4c%)[1 — (7/5)(NOE— 1)(y\ /vl (7)

J(0) = 1/(3d* + 4c%)[6R, — 3R, —
(18R/5)(NOE — 1)(y\/yw)] (8)
In order to derive the values of the spectral density functions

at the three given frequencies, tRg R, and NOE values
measured at 27C and the'H frequency of 600.13 MHz

of 0, 60.8 MHay), and 600.1 MHz &)). Reference lines are the

were used as input parameters for equatidhs8j. The
uncertainties of these inputs have been combined using the
standard error propagation methods to propagate the uncer-
tainties in the calculated spectral density values.

The average values fd(0), J(wn), J(wn) and the standard
deviations are shown in Figure 7, as a function of residue
number. The magnitude of the spectral density function at
the three frequencies reports on the extent of the NH bond
vector motions: in the situation of restricted motions, the
most significant contribution will be from the low-frequency
componentJ(0), whereas in the opposite case of high
mobility, the high-frequency componedfwy) is expected
to be the major contributor. From Figure 7, the values of
the high-frequency component are higher than average for
the N-terminal domain of rmBG21 and have especially
pronounced maxima for G5G18 and N53-D65. Another
local maximum is observed for the flexible fragment A125
A134. This result is accompanied by lower than average
values ofJ(0) observed for the same fragments, indicating
that these segments of the protein undergo extensive motions.
On the other hand, for residues D69120 and S135R180,
there are lower than average values(@sy) and higher than
average values oJ(0), indicating that these segments of
rmBG21 have more restricted motions. Two additional
noteworthy features in théO0) plot in Figure 7 are a well
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Ficure 8. MODELFREE results for rmBG21. (& and (b) Rex values determined from LipariSzabo model-free analysis with the
extension of Clore et glusing the globally optimized correlation time of 3.820.02 ns. All errors were determined on the basis of 1000
Monte Carlo simulations of Brent's implementation of Powel's method for multidimensional minimization, as described in the MODELFREE
manual 79, 80).

pronounced maximum for residues R8R92 and higher = models describing local motions of individual NH vectors
than average values for residues S1B3.80, which are signs  were optimized separately. The model selection strategy of
of restricted low-frequency motions. At the same time, the Mandel et al. 80) was used in order to get the model that
values for the spectral density functidfwy) lack any notable best describes the experimental relaxation data. A maximum
features for these residues. Thus, the fragments—R&2 of three motional parameters, in addition to the overall
and S135-R180 are subjected to motions on the microsecond rotational correlation time, could be fit to the three available
to millisecond time scale, probably due to conformational relaxation parameters measured at a single static magnetic
exchange. field strength. Figure 8a shows the optimized order general-

Model-Free Analysis and Order Parametdio quantify ized paramete®, which describes the motional restriction
the local motions further, and to extract microscopic motional of theSN—*H bond vector on the picosecond to nanosecond
parameters from the amidéN relaxation rate®;, Ry, and  time scale. The value o is close to 0.6 for most of the
{*H}—"N NOE, a Lipari-Szabo g8, 77) analysis with the  residues. The most disordered part of the protein is found
extension of Clore et al.7§) was performed with the  for segments S5D65 and A126-G129, which have sig-
software MODELFREE (version 4.2079, 80). Briefly, the pificantly smaller? values in the range of 0-30.5.

spectral density functiod(w), is assumed to be related to a The presence of low-frequency motions for some frag-

set of motional pa.rameters such as the correlation times andments is evident from tha(0) plot and has been discussed
order parameters:

above. ThdR., parameter was introduced to account for these
200 a2 e effects. Figure 8b shows the plot of tRe, values extracted
Jw) = 2 §rm SA-S )TS+ 1 -7 9) from the experimental data using MODELFREE analysis.
5(1 + (wrm)2 1+ (a)r’s)z 1+ (wr'f)z WhereasS provides a measure of rapid internal motions
relative to the overall rotational diffusion, significantly large
wheret's = ttn/(ti + o), T's = Ttml(ts + To), Tm iS the values ofRe, identify residues that experience conformational

overall rotational correlation time of the molecuteandzs ~ OF chemical exchange on a microsecond to millisecond time
are the effective correlation times for internal motions on Scale. It has previously been observed that important biologi-
fast and slow time scales, respectively, &l S2, and & cal and biochemical events such as ligand-binding and

= $2S2 are the squares of the parameters describing thedissociation rates, and rates of conformational exchange,
amplitudes of fast, slow, and generalized motions, respec-often occur near that slow time scai3|. Therefore, it is
tively. possible that the observation of these slower motions for
An initial estimate for the total correlation tims, was specific residues reflects their functional activi84{-88).

obtained using the MODELFREE built-in grid search option. Here, ten residues were observed to have signifiéapt
Different rotational diffusion models were evaluated, and the values ¢&1.5 s), with the highest values associated with
isotropic diffusion model was found to provide the best fit residues H89R92. These residues are part of a sequence
to the rmBG21 NMR relaxation data. For the final analysis P88-R96 that has the maximum change in amino acid buried
of the local motions, a total correlation time of 3.81 ns area upon folding (data given in the Supporting Information).
(+£0.02 ns) was used. To fit different possible time scale The significantR., values, along with the absence of any
motions, which arise due to structural variations and any cooperative secondary chemical shift deviations in this
consequent motion restrictions and/or exchai@jeg2), the region, might be indicative of conformational exchange
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between two states, one being collapsed into a hydrophobicpreexistinga-helix was found to be identical to thee-helix
cluster and the other a random coil. The same conclusionfound in the target-bound state, indicating that the structural
might be drawn for most of the C-terminal residues scattered transition in p53 upon target binding is not a coil-to-helix
along the segment T151G173. Tables containing the results type but would just involve tightening of the preexisting
of fittings, including extracted parameters, confidence in- a-helix into a stablex-helix. On the other hand, studies on
tervals, and the description of models used for fitting fragments of p53 TAD showed that induceehelices were
relaxation data for a particular residue, are also given in the formed upon target binding, but not in the free state,
Supporting Information. indicating that the formation of the-helix is context-
Comparison with Other Intrinsically Disordered Proteins. dependent. The secondary structure elements found in this
It is instructive to compare rmBG21 to other intrinsically study are thought to constitute determinants that act as
disordered proteins. In particular, spectral assignments of “hydrophobic antennae,” which may facilitate TAD-target
NMR resonances have recently been obtained for therecognition and become more structured in the course of
recombinant murine classic 18.5 kDa isoform of myelin basic target binding. For the case of BG21, such a phenomenon
protein (rmMBP, BMRB entry 1513180). This isoform is may define its interaction with GIP.
a peripheral membrane protein whose main function is
maintenance of the stability of the myelin sheath but which CONCLUDING REMARKS

also polymerizes actin and tubulin in a Taalmodulin- All of the NMR measurements carried out in this study,
dependent manner, indicating dlverse_ functionality. Both 54 our previous fluorescence and CD spectroscopic mea-
rmBG21 and rmMBP have a segment in common, encodedg rements30), show that rmBG21 is predominantly disor-
by exon 5 (using murine Golli exon numbering, exon IDC N yered in aqueous solution. HeRe,and NOE measurements
classic numbering), that comprises the C-terminal residuesgyther reveal that the protein can be divided into two regions
A134-K189 in rmBG21 and the N-terminal AIKS6 that exhibit very different dynamic behavior. Most of the
residues in 18.5 kDa MBP. Overall, this fragment is largely regjques in the first N-terminal 65 amino acids have
disordered in both proteins, and the chemical shifts agreegjgnificantly negative heteronuclear NOE values and are in
very well for most of these residues (the &d €' chemical  general more mobile than the remainder of the protein, which
shift differences do not exceed0.75 and+0.4 ppm, 5 sybjected to much more restricted internal motions. The
respectively). This close agreement indicates that the CON-only exception is a Gly/Ala-rich fragment A1255130
formation of this segment in either protein is not affected \ypere significant unrestricted motions are also present. Why
by the other domains. Studies of 18.5 kDa classic MBP using /e these regions more mobile than the rest of the protein?
site-directed spin labeling and electron paramagnetic reso-The increased mobility of the A1285130 segment is not
nance spectroscopy have shown this segment to be relatively ,rprising and is consistent with the hypothesis of Schwarz-
deeply embedded in the lipid bilayer, especially at the jnger et al that regions rich in glycines and alanines may
position of the FF paird0). At present, BG21 has not yet  ggrye as molecular hinges in protein folding pathwai.(
been demonstrated to be associated with lipids in vivo.  cjose jnvestigation of the amino acid sequence of the first
_ The NMR structural analyses described here also comparegs N-terminal residues reveals that it is on average more
interestingly with the demonstration by Reyes and Campag- negatively) charged (mean net charge-&062) compared
noni, by site-directed mutagenesis and deletion analyses, tha§0 the entire protein (mean net charge-i§.005); its low

the Golli and classic domains play different roles in the cell |,aan hydrophobicity (0.3542) is comparable t(; that of the
(91). They have shown that sequences in the MBP domain gptire protein (0.366). [The mean net charge and mean
target the protein into the nucleu_s, particularly the 36-re3|d_ue hydrophobicity were evaluated using the sequence analysis
segment (A134L169 as seen in the BG21 sequence in 05 of the EXPASY Proteomics Server (http://expasy.org/)
Figure 2b), and that sequences within thg Gplh domain following the method of Uversky et al20).] Thus, elec-
induce membrane process sheet extension in OLS anGyostatic interactions may contribute to the increased mobility
nel_Jrons._The me_chanlsm of this posttranslatlc_)nal sorting by of the fragment. We can hypothesize at this point that the
which this classic MBP segment of BG21 is used as a pghly flexible N-terminal third of BG21 provides additional
nontraditional sorting signal for its translocation to the pjasiicity necessary for effective interactions with other
nucleus may involve some membrane interaction and haspgteins such as GIP. The flexible Gly/Ala region may serve

not yet been determined. , , as a molecular hinge in the process of subsequent folding.
Another worthwhile example for comparison with BG21

is the transcriptional activation domain (TAD) of human p53, ACKNOWLEDGMENT

a small regulatory region that initiates DNA transcription , )
(92). The TAD of p53 is known to be inherently devoid of e are grateful to Drs. Anthony and Celia Campagnoni
tertiary structure due to the net negative charge resulting from (Neuropsychiatric Institute, University of California at Los
the high content of acidic amino acids, such as Asp and GluAngeles) for providing the rmBG21 clone, to Mr. D. S.

(93). On the other hand, short p53 TAD fragments are able LiPich of the University of Guelph for advice on protein
to form helices upon binding to target proteit@sh(95). In purification and NMR spectral processing and analysis
their study on the p53 TAD, Lee et al92) utilized software, and to Ms. Valerie Robertson of the University of

heteronuciear multidimensional NMR spectroscopy to de- GU€lPh NMR Centre for assistance.

lineate the details of its local structural elements in its free SUPPORTING INFORMATION AVAILABLE

state and to compare it to the target-bound state. They were

able to show that unbound full-length p53 TAD contains a  Tables containing the detailed acquisition parameters for
preexisting amphipathia-helix and two nascent turns. The the acquired spectra, mathematical expressions of the five
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different motional models of the extended model-free ap-

proach, and the extracted order parameters along with a

figure showing secondary structure and hydrophobic cluster
analysis. This material is available free of charge via the
Internet at http://pubs.acs.org.
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