Protein Science (1995), 4:2605-2615. Cambridge University Press. Printed in the USA.
Copyright 0 1995 The Protein Society

Structural and dynamic characterization of the urea
denatured state of the immunoglobulin binding
domain of streptococcal protein G
by multidimensional heteronuclear
NMR spectroscopy

M. KIRSTEN FRANK, G. MARIUS CLORE,

AND

ANGELA M. GRONENBORN

Laboratory of Chemical Physics, Building 5, National Institute of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health, Bethesda, Maryland 20892-0520

(RECEIVEDAugust 28, 1995; ACCEPTED
October 6, 1995)

Abstract
The structure anddynamics of the urea-denatured B1 immunoglobulin binding domain of streptococcal protein
G (GBl) has been investigated by multidimensional heteronuclear NMR spectroscopy. Complete 'H, "N, and
I3C assignments are obtained by means of sequential through-bond correlations. The nuclear Overhauser enhancement, chemical shift, and 3JHN, coupling constant data provide no evidence for the existence of any significant
population of residual native or nonnative ordered structure. "N relaxation measurements at 500 and 600 MHz,
however, provide evidence for conformationally restricted motions in three regions of the polypeptide that correspond to the second P-hairpin, the N-terminus of the a-helix, and the middle of the a-helix in the native protein. The time scale of these motions is longer than the apparentoverall correlation time (-3 ns) and could range
from about 6 ns in the case of one model to between 4 ps and 2 ms in another; it is not possible to distinguish
between these two cases with certainty because the dynamics are highly complex and hence the analysis of the time
scale of this slower motion is highly model dependent. It is suggested that these three regions may correspond to
nucleation sites for the folding of the GB1 domain. With the exception of the N- and C-termini, where end effects predominate, the amplitude ofthe subnanosecond motions, on the otherhand, arefairly uniform and model
independent, with an overall order parameter S2 ranging from 0.4 to 0.5.
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The two-state model of protein unfolding in chemical denaturants is commonly used to analyze the stability of proteins. In
this model, thereis an unfolded state and a native state and the
relative populations of these states are changed by the addition
of the chemical denaturant. The energetics of this transition can
be related to structural features of the native state, although,
strictly speaking, the energetics depend on the difference in
structure between the two states (Dobson, 1992; Shortle, 1993).
It is possible that chemically denatured proteins have residual
structure, thereby affecting the kinetics and thermodynamics of
Reprint requests to: G.M. Clore or A.M. Gronenborn, Laboratory
of Chemical Physics, Building 5, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda,
MD 20892-0520; e-mail: clore@vger.niddk.nih.gov or gronenborna
vger.niddk.nih.gov.

the transition from the unfolded to the folded state (Shortle &
Abeygunawardana, 1993). If residual structure is a general feature of chemically denatured proteins, the two-state model
would need to be modified to relate residual structure in the unfolded state to the energetics and kinetics of the folding reaction.
A series of recent NMR studies on the chemically denatured
state of two proteins, 434 repressor (Neri et al., 1992a, 1992b,
1992c) and FK506-binding protein (Logan et al., 1993, 1994),
have indicated the presence of residual structure, including, in
the latter example, some secondary structure. Residual structure
has also been found in the acid-denatured state of barnase
(Arcus et al., 1994), the acid-denatured molten globule states of
human ubiquitin (Stockman et al., 1993) and a-lactalbumin
(Alexandrescu et al., 1993), a recombinant model of the reduced
unfolded state of bovine pancreatic trypsin inhibitor (Lumb &
Kim, 1994),a deletion mutant of staphylococcal nuclease (Alex-
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Fig. 1. Schematic ribbon diagram of the folded GB1 domain. The figure was generated with the program MOLSCRIPT (Kraulis, 1991) and
the coordinates are taken from Gronenborn et al. (1991).
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Peptide fragments of GB1 have been studied in isolation in
water and trifluoroethanol (Blanc0 et al., 1994a, 1994b), and
it has been shown that a peptide comprisingthe 63-04 turn exhibits asignificant population of native conformer in water. A
peptide comprising the 61-42 turn, however, shows no evidence
of residual structure in the absence of trifluoroethanol. Interestingly, the 63-04 turn displays the highest ND-NH exchange
protection factors in the collapsed state observed by Kuszewski
et al. (1994) and is therefore a good candidatefor having residual structure in the unfolded state.
In the present paper, we have set out to characterize the structural and dynamic properties of the urea-unfolded state of the
GB1 domain using multidimensional heteronuclear NMR spectroscopy. Neither the 'H, lsN, and "C chemical shifts, nor h e
0' %erved'H-IH NOES provide any firm evidence for :hz prcsence of residual structure in the urea-unfolded state of GB1.
"N-relaxation measurements, however, suggest that the region
comprising the 03-04 turn in the native stateis conformationally more restricted in the unfolded state than the rest of the
protein.
Results and discussion

Equilibrium unfolding of the GB1 domain in urea
andrescu et al., 1994; Alexandrescu & Shortle, 1994), and the
denatured form of a destabilizing mutant of staphylococcal nuclease (Shortle & Abeygunawardana, 1993). To date thedynamic
behavior of unfolded or partially unfolded states has only been
characterized to a very limited extent (Alexandrescu & Shortle,
1994; Farrow et al., 1995)
The B1 immunoglobulin binding domain of streptococcal protein G (GBl) can be described as a prototypic polypeptide for
the purposes of studying protein folding (Kuszewski et al.,
1994). In particular, it is a small 56-residue domain that is highly
thermostable and contains no disulfide bridges, prolines, or
prosthetic groups that could result in structural misorganization
during the folding process. Its structure has been determined at
high resolution by NMR (Gronenborn et al., 1991) and crystallography (Achari et al., 1992; Gallagher et al., 1994), and the
dynamics of the folded state have been analyzed (Barchi et al.,
1994). In the folded state, the GB1 domain is highly compact,
with 95% of the residues participating in regular secondary
structure. The GB1 domain comprises a four-stranded 6-sheet
arranged in a -1, +3x, -1 topology on top of which lies an
a-helix (Fig. 1). The refolding kinetics from a pH denatured
state have been studied by stopped-flow absorption spectroscopy
(Alexander et al., 1992) and fromthe guanidinium chloride denatured state by quenched-flow deuterium-hydrogen exchange
and stopped-flow fluorescence (Kuszewski etal., 1994). The latter study suggested that collapse to a semi-compact state exhibiting partial order and characterized by ND-NH exchange
protection factors up to 10-fold higher than that expected for
a random coil, occurs in less than 1 ms, followed by the formation of the fully native state in a single rapid concerted step with
a half-life of about 5 ms (Kuszewski et al., 1994). No structural
information, however, was available on the initial guanidinium
chloride unfolded state of GBl. Therefore,there exists the distinct possibility that the semi-compact state inferred from the
quenched-flow D-H exchange study represents the initial unfolded state of GBl.

In order to establish optimal conditions for studying the unfolded state of the GB1 domain by NMR, we first established
the equilibrium unfolding curve as a function of urea. The results at pH 2 and 25 "C are shown in Figure 2. The unfolding
transition is clearly two-state, with a transition pointoccurring
at about 3.7 M urea, and the GB1 domain is completely unfolded above 6 M urea.At higher pH values, 100% occupancy
of the unfolded state could not be obtained even at saturating
concentrations of urea. Analysis of the data as described by Pace
et al. (1989) yields a free energy of unfoldinginwater,
AG(H,O), of 4.1 kcal.mol" at pH 2. Thus, the GB1 domain
is approximately 15% less stable at pH 2 than at pH 4, where
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Fig. 2. Equilibrium unfolding of the GB1 domain at pH 2 and 25 "C
in urea as monitored by the fluorescence of the single tryptophan residue atposition 43. (Fluorescence excitation was carried out at295 nm
and the emission was integrated from 305 to 450 nm.) The experimental
points are represented as solid cicles, and the line represents the nonlinear least-squares best fit to a two-state model (Pace et al., 1989) with
a AG(H20) value of 4.10 kcal.mo1" and a transition point of 3.67 M
urea.
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AG ( H 2 0 ) has a value of 4.8 kcal mol", as determined from
a guanidinium chloride unfolding study (Kuszewski etal., 1994).
With these data in hand, we proceeded to characterize the unfolded state of GB1 by NMR at pH 2 in 7.4 M urea. We note
that we did not carry out this study at pH 4 using guanidinium
chloride as a denaturant because, in contrast to urea,guanidinium chloride is ionic and theionic strength required (-4.5 M)
reduces the quality factor (Q) of the NMR probe significantly,
thereby dramatically reducing the signal-to-noise ratio.

'H, I3C and I5N assignments of unfolded GB1
The 'H-15N HSQC correlation spectrum of denatured GB1 in
7.4 M urea, pH2, and 25 "C is shown in Figure 3. Cross peaks
for all 5 5 backbone amide groups can be identified. As is evident,
the chemical shifts of the backbone amide proton resonances are
clustered ina narrow 0.7-ppm window between 8.0 and 8.7 ppm,
typical of a denatured protein. In addition, cross peaks for the
side-chain amides of three out of four carboxyamide groups
(three asparagines and one glutamine, between 7 and 7.7 ppm
and between 1 1 1.5 and 112.5 ppm for 'H and lSN,respectively),
the NE1H of the single Trp ring (10.1 ppm and 129.0 ppm for 'H
and "N, respectively), and theN{H3+ group of lysine residues
(7.68 ppm and 32.7 ppm for ' H and "N, respectively) are also
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Fig. 3. 'H-15N HSQC spectrum of urea-unfolded GB1 at 7.4 M urea,
pH 2, 25 "C. Note that the NH3+ peak arising from the side chain of
the Lys residues is folded in the "N dimension from 32.7 ppm, and that
the indole NEH group of the single Trp residue, which resonates at
10.1 ppm in 'H and 129.0 ppm in I5N, is not shown.

visible inthe IH-"N HSQC spectrum. 'H, I3C, and "N chemical
shift assignments (Table 1) were obtained using three-dimensional
heteronuclear NMR spectroscopy to trace through-bondheteronuclear correlations along the backbone and side chains. For this
purpose, the following 3D experiments were recorded: "N-separated HOHAHA, HNHA, CBCANH, HBHA(CBCA)NH,
CBCA(CO)NH, HBHA(CO)NH, C(CO)NH, and H(CC0)NH
experiments in H,O, and I3C-separated HCCH-TOCSY and
HCCH-COSY and I3C-I3C-'H AMNESIA experiments in D20
(see Bax & Grzesiek [ 19931, Clore & Gronenborn [ 1991,19941 for
reviews and citations to original references and Wang etal. [I9941
and Grzesiek & Bax [ 19951 for the HBHA(CBCA)NHand AMNESIA experiments, respectively). Examplesof strips taken from the
CBCANH, HBHA(CBCA)NH, C(CO)NH, and H(CC0)NH experiments that demonstrate Ca(i- 1, i)/C/?(i, i - l)-N(i)-NH(i),
Ha(;- 1, i)/H/?(i- 1, i)-N(i)-NH(i), C(i- I)-N(i)-NH(i)and
H(i - 1)-N(i)-NH(i) connectivities, respectively,are shown inFigure 4A, B, C, andD. A summary of the deviations from random
coil of the I3Ca, 13C/?,'Hu, and 'HPshifts as a function of residue is provided in Figure 5 .
The bulk of the I5N shifts for the backbone amides are clustered between 117.7 and 127.4 ppm. The ISN shifts of the Thr
and Gly residues, however, are distinct from the rest, resonating
between 112.3 and 118.8 ppm, and between 109.0 and 110.2ppm,
respectively. There are nine pairsof identical dipeptides within
the
sequence (Table 2). In general, the I5N shifts for these pairs tend
to be similar. There is one exception, namely the Thr-Tyr pair involving Tyr 3 and Tyr 45. In this particular case, Tyr 3 is the third
residue ofthe polypeptide and hence itsamide nitrogen will besubstantially influenced by the charge on the free amino terminus.
It is interesting to note that the "N shifts of the backbone
amides of Thr 25 and Thr49 are upfield shifted by 3-4 ppm relative to those of the other Thr residues in the sequence. We
attribute this phenomenon to the presence of a preceding Ala
residue. Indeed, similar upfield 15Nshifts of the backbone amide of Thr have been observed in the only three other reported
examples of an Ala-Thr dipeptide sequence within an unfolded
protein (Shortle & Abeygunawardana, 1993; Logan et al., 1994;
Zhang et al., 1994). This effect may arise from a specific contribution of the methyl group of the preceding Ala residue on
the I5N shielding of the backbone amide of the following Thr
residue (Le & Oldfield, 1994).
The I3C shifts of urea-unfolded GB1 are close to those in
small model polypeptides that are thought to mimic random coil
behavior (Spera & Bax, 1991). In comparing our I3C shifts to
model peptide data, it was important to correct the random coil
values for the Asp and Glu residues to take intoaccount the fact
that these residues are protonated under our pH conditions
(namely pH 2). To this end, we used the datafrom Richarz and
Wuthrich (1978) to estimate random coil values for the protonated forms of the Asp and Glu residues, assuming a constant
difference between the Richarz and Wuthrich (1978) data onthe
one hand, and the Spera and Bax (1991) and Wishart et al.
(1995) data on the other. The RMS differences between the
I3Ca and13C/?shifts for urea-unfolded protein G and the data
of Wishart et al. (1995), derived from model peptide with the
sequence Gly-Gly-X-Ala-Gly-Gly, are 0.29 and 0.24 ppm, respectively. The corresponding numbers versus the randomcoil
values of Spera and Bax (1991) are slightly larger, 0.38 and
0.76 ppm, respectively. A similar comparison of the ' H shifts
of theunfolded GB1 withthat of the peptide random coil shifts
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Table 1. 'H, l3C, and "N assignments of the unfolded GB1 domain in 7.4 M urea, p H 2, 25 "C"
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Met 1
Thr 2
Tyr 3
Lys 4
Leu 5
Ile 6
Leu 7
Asn 8
Gly 9
Lys 10
Thr 11
Leu 12
Lys 13
Gly 14
Glu 15
Thr 16
Thr 17
Thr 18
Glu 19
Ala 20
Val 21
Asp 22
Ala 23
Ala 24
Thr 25
Ala 26
Glu 27
Lys 28
Val 29
Phe 30
Lys 31
Gln 32
Tyr 33
Ala 34
Asn 35
Asp 36
Asn 37
Gly 38
Val 39
Asp 40
Gly 41
Glu 42
Trp 43

118.3 (8.72)
123.7 (8.54)
123.6 (8.49)
124.5 (8.40)
124.2 (8.48)
127.4 (8.55)
120.0 (8.62)
109.0 (8.51)
120.7 (8.30)
115.6 (8.33)
125.2 (8.44)
122.6 (8.53)
110.2 (8.54)
119.7 (8.34)
115.4 (8.44)
116.2 (8.39)
116.1 (8.31)
122.6 (8.42)
125.6 (8.45)
119.3 (8.23)
122.2 (8.61)
124.8 (8.35)
122.4 (8.30)
112.2 (8.06)
125.9 (8.26)
119.5 (8.35)
123.0 (8.45)
121.3 (8.20)
125.0 (8.53)
124.0 (8.41)
121.9 (8.42)
121.5 (8.38)
125.1 (8.38)
117.7 (8.45)
119.4 (8.53)
118.9 (8.52)
108.8 (8.37)
118.8 (8.02)
121.9 (8.67)
109.0 (8.30)
119.5 (8.14)
121.8 (8.29)

55.2 (4.29)
61.8 (4.51)
57.9 (4.71)
56.2 (4.40)
55.2 (4.44)
60.9 (4.27)
54.9 (4.53)
53.4 (4.82)
45.6 (4.14, 4.07)
56.5 (4.52)
62.0 (4.47)
55.2 (4.48)
56.8 (4.40)
45.4 (4.08, 4.03)
55.9 (4.59)
62.0 (4.58)
62.0 (4.57)
62.1 (4.46)
55.9 (4.47)
52.8 (4.45)
62.7 (4.16)
52.9 (4.82)
53.0 (4.38)
53.1 (4.42)
61.9 (4.37)
52.8 (4.42)
56.0 (4.42)
56.5 (4.40)
62.2 (4.19)
57.7 (4.74)
56.2 (4.33)
56.1 (4.32)
57.8 (4.67)
52.6 (4.39)
53.3 (4.78)
53.1 (4.84)
53.7 (4.82)
45.6 (4.03, 3.94)
62.6 (4.21)
53.3 (4.83)
45.6 (3.97, 3.97)
56.0 (4.40)
57.3 (4.85)

32.9 (2.20, 2.20)
70.3 (4.20)
39.4 (3.13, 2.98)
33.6 (1.83,1.79)
42.8 (1.66,1.66)
38.6 (1.93)
42.6 (1.73,1.67)
39.1 (2.95,2.93)

Cy
Cy
C6
Cy
Cy
Cy
Cy
N6

31.2 (2.63,2.53)
21.9 (1.30)
133.4 (7.25); C t 118.3 (6.92)
25.1 (1.50, 1.42); C6 29.3 (1.77, 1.77); Ct 42.3 (3.06, 2.89)
27.4 (1.67); C6 24.7 (1.04), 24.1 (1.01)
27.4 (1.59,1.25); Cym 17.5 (0.97); C6 12.7 (0.98)
27.1 (1.68); C6 25.1 (1.04), 23.5 (0.98)
112.4 (7.67, 7.08)

33.5 (1.95, 1.87)
70.1 (4.31)
42.6 (1.71, 1.66)
33.4 (1.92, 1.86)

Cy
Cy
Cy
Cy

25.1 (1.56, 1.54); C6 29.2 (1.96, 1.80); C t 42.1 (3.10, 3.02)
22.0 (1.32)
27.3 (1.71); C6 25.0 (1.00), 23.8 (1.00)
25.0 (1.58, 1.51); C6 29.0 (1.95, 1.82); Ct 42.4 (3.08)

29.4 (2.24, 2.11)
70.1 (4.38)
70.1 (4.38)
70.0 (4.34)
29.1 (2.20, 2.09)
19.2 (1.48)
33.0 (2.16)
38.2 (3.09, 2.96)
19.4 (1.50)
19.2 (1.54)
69.9 (4.31)
19.4 (1.50)
29.0 (2.22, 2.11)
33.3 (1.90, 1.80)
33.3 (2.06)
40.0 (3.18, 3.07)
33.5 (1.90, 1.74)
29.8 (2.07, 1.99)
39.1 (3.19, 2.98)
19.6 (1.45)
39.0 (2.94, 2.86)
38.1 (3.05, 2.96)
39.0 (2.92, 2.87)

Cy
Cy
Cy
Cy
Cy

33.0 (2.60, 2.60)
21.8 (1.34)
21.8 (1.33)
21.8 (1.33)
32.9 (2.74, 2.60)

Thr 44
Tyr 45
Asp 46
Asp 47
Ala 48
Thr 49
Lys 50
Thr 51
Phe 52
Thr 53
Val 54
Thr 55
Glu 56

115.7 (8.10)
122.3 (8.21)
120.8 (8.46)
120.1 (8.45)
123.6 (8.21)
112.3 (8.05)
123.5 (8.37)
115.0 (8.17)
122.6 (8.48)
117.1 (8.36)
123.0 (8.37)
118.8 (8.40)
123.5 (8.54)

61.8 (4.39)
58.3 (4.55)
52.9 (4.77)
53.2 (4.74)
53.2 (4.44)
62.1 (4.41)
56.5 (4.42)
61.6 (4.44)
57.8 (4.86)
61.8 (4.50)
62.3 (4.30)
62.1 (4.46)
55.0 (4.55)

70.3 (4.17)
38.9 (3.09, 2.98)
38.2 (3.04, 2.86)
38.2 (3.01, 2.91)
19.4 (1.52)
70.0 (4.31)
33.2 (1.88, 1.85)
70.4 (4.22)
40.2 (3.23, 3.10)
70.4 (4.22)
33.2 (2.16)
70.1 (4.25)
28.8 (2.31, 2.10)

.~

~~

~~~

~

~

Others
~~~~

~

~~

~~

~

Cy 21.1 (1.05)

Cy 21.9 (1.29)
Cy
Cy
Cy
C6
Cy
Cy
C6

32.9 (2.57, 2.57)
25.2 (1.50, 1.43); C6 29.3 (1.95, 1.87); C t 42.4 (3.08, 3.06)
21.0 (0.98), 21.0 (0.97)
132.2 (7.34); Ct 131.4 (7.42)
25.0 (1.44, 1.38); C6 29.2 (1.77, 1.74); C t 42.2 (3.06, 3.03)
33.9 (2.34, 2.34)
133.4 (7.23); Ct 118.3 (6.92)

N6 112.1 (7.61, 7.03)

32.8 (2.17)
38.2 (3.07, 2.95)

Cy 21.3 (l.Ol), 20.7 (1.01)

29.0 (2.06, 2.01)
29.9 (3.30, 3.27)

Cy 32.8 (2.43, 2.39)
C(2 135.4 (7.56); Ct3 121.0 (7.68); Cq2 124.8 (7.31); C61 127.1 (7.26);
C(3 122.2 (7.19); Ne1 129.0 (10.09)
Cy 21.5 (1.16)
C6 133.4 (7.15); C t 118.3 (6.91)

Cy 21.9 (1.33)
Cy 25.0 (1.51, 1.46); C6 29.8 (1.80, 1.77); Ct -(3.06, 3.06)
Cy 21.8 (1.25)
C6 132.2 (7.34); C t 131.4 (7.42); C( -(7.55)
Cy 21.8 (1.28)
Cy 21.3 (1.04)
Cy 21.9 (1.32)
Cy 32.7 (2.60, 2.60)

~a In each column, the "N and I3C shifts are listed first and the 'Hshifts are given in parentheses. ' H and I3C shifts are reported relative to
3-(trimethylsily1)propanoic-d4 acid and "N shifts relative to liquid ammonia.
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Fig. 4. Strips taken from the (A) 3D CBCANH, (B) HBHA(CBCA)NH, (C) C(CO)NH, and (D) H(CC0)NH experiments illustrating the through-bond directed sequential assignment of unfolded GB1. The peaks marked with an x in the stripfor Glu 56
arise from Tyr 3 and have their maximum intensity in a neighboring plane of the 3D spectra.

obtained by Bundi and Wiithrich (1979), Merutka et al. (1995),
and Wishart et al. (1995) yielded an RMS difference of 0.12,
0.13, and 0.13 ppm, respectively, for theH a protons, 0.08,0.07,
and 0.08 ppm, respectively, for theHP protons. A summary of

the average I3Ca, I3CP, 'Ha,and 'HP shifts for each residue
type in unfolded GB1 is presented in Table 3. These shifts may
be more indicative of random coil shifts in full-length proteins
than the shifts derived from short model peptides.
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Analysis of NOE and coupling constant
data for unfolded GB1
To assess the presence of any residual structure, 3 J ~ coupling
~ a
constants were obtained from a 3D HNHA (Vuister & Bax,
1993) experiment, and 3D 15Nand I3C-separated NOE spectra
(Marion et al., 1989; Ikura et al., 1990) were recorded.
The 3 J ~ coupling
~ a
constants ranged from 5 to 8 Hz (Fig. 5)
with an average value of 6.9 k 0.7 Hz and provided no evidence
for the presence of any a-helix, 0-sheet, or &turns. Likewise, the
NOE data yielded no evidence for any nonsequentialNOEs indicative of the presence of residual structure. A summary of the
J H N a coupling constants and the NOEs involving the NH, C a H
and C0Hprotons is provided in Figure 5 , and examples of strips
taken from the 3D "N-separated NOE spectrum illustrating the
NOE connectivities extending from residues 43to 56 is shown in
Figure 6. In general, sequential CaH(i)-NH(i + 1) NOEs are apparent for most of the polypeptidechain. Only three weak NH(i)NH(i 1) NOEs, however, are observed (between Thr 25 and
Ala 26, Val 29 and Thr 30, Val 39 and Asp 40). A few other
sequential NOEs involving side chains are also seen: namely
from IIe 6(Cy,H3) to Leu 7(CaH), from Val 21(CyH3) to
Ala 20(CaH), from Lys 28(CyH) to Val 29(CaH), and from
Val 39(CyH3) toGly 38(CaH) andAsp 40(CaH). A sizeable
set of NOEs was observed between Tyr 33 and Ala 34, in par-

ticular from Tyr 33(CPH) to Ala 34(CaH), from Tyr 33(C6H)
to Ala 34(CaH) andAla 34(CPH), and from Tyr 33(CeH) t o
Ala 34(CPH). This is in agreement with observations that aromatic side chains in small peptides interact with the two residues
immediately C-terminal to the aromatic residue (Merutka et al.,
1995; Wishart et al., 1995). In a similar vein, a weak NOE was
observed between Tyr ~ ( C E Hand
) Leu 5(C6,H3).
A small 16-residuepeptide corresponding to the second 0-hairpin in GB1(residues 41-56; Fig. 1) has been shown by NMR to
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Table 2. Pairs of identical dipeptides present
in the sequence of the GB1 domain
Dipeptide

Residue numbers

Thr-Tyr
Asn-Gly
Val-Asp
Thr-Thr
Ala-Thr
Gly-Glu
Lys-Thr
Thr-Glu
Asp-Ala

2-3, 44-45
8-9, 37-38
21-22, 39-40
16-17,17-18
24-25, 48-49
14-15, 41-42
10-11, 50-51
18-19, 55-56
22-23, 47-48

5

6.0

.

7.0

6.0

-

9.0

'443 T44 Y45 D46 047 A48 T49 K50 T51 F52 T53 V54 T55 €5

Fig. 6. Strips taken from the 3D '>N-separated NOE spectrum of unfolded GB1 illustrating the backbone NOEs observed for the last 14 residues of the polypeptide, which includes the residues that form the
second &hairpin in native GBl.
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Table 3. Average values of I5N, "Ca, "C0, 'Ha, and 'H0 chemical shifts for the various
residues in the urea-unfolded GB1 domaina
Residueb
Ala12(46.)6
Asn (3)
ASP ( 5 )
Gln (1)
G ~10(
Y
94.)3

Glu (5)

2.20,

60.9
Ile (1)
Leu (3)
LYS1(262).9
Met 4.29
(1)
Phe 1(223).8
1)Thr (1
57.3
Trp (1)
Tyr (3)
Val12(04.)6
a

I5N

'3ca

f 1.3
118.9f 1.2
120.9f 1.2
121.9
f45.6
0.6
120.9t 515..98
124.2
125.7t 1.5
f 516..25
32.9
f 57.8
1.7
115.7f62.1
0
121.8
122.5 f 1.1
f62.5
1.9

I3cp

I Ha

I

t 0.04
4.81 k 0.02
4.80 t 0.04
4.32

52.9 f19.4
0.2
53.5 f 0.2
53.1 f 0.2
56.1
f
4.00.61
k 0.4
29.1

t4.41
0.2
39.0 f 0.1
38.2 f 0.04
29.8

55.1 + 0.2
42.7
f 0.2
33.4
55.2
f 0.1
t70.2
0.2

f 0.1
t4
0..421

40.1 f 4.80
0.1
f4.47
0.2

f 0.06
f 0.07
4.28

58.0 f 0.3
f 0.2

39.1 f 40..635
33.1 f4.22
0.2

f 0.07
3.14
f 2.14
0.05

1.50 f 0.03
2.94 t 0.01, 2.89 f 0.03
3.06 f 0.03, 2.93
f 0.04
2.02, 2.07

t 0.06, 4.00 f 0.05
f 02
..
02
71

k 0.2
4.49

HP

t 0.08,
2.08

4.48 f 0.04
f0
1..0961

1.70t 0.03,
1.66
0.04,
1.82

*

f 0.04

t 0.004
f 0.05

3.20f 0.02,3.08k 0.01
t 0.07
k 0.04,
2.98

0.002

f

f 0.04

IH and I3C shifts are referenced relative to 3-(trimethylsilyl)propanoic-d4 acid; "N shifts relative to liquid ammonia
Number of occurences in parentheses.

be monomeric and to adopt at pH 6.3 and 5 "C a population
containing approximately 40% and 20% of the native-like 0-hairpin structure in pure water (Blanco et al., 1994b) and 6 Murea
(Blanco & Serrano, 1995), respectively. We see no evidence that
this turn is populated in urea-unfolded GB1. Specifically, the
strong sequential NH(i)-NH(i
1) NOES between residues
47-51 that identify the turn arenot observed in urea-unfolded
GBl. Similarly, the 0.3 ppm difference between the C a H shifts
of Asp46 and Asp 47 that is observed in the isolated peptide in
water and 6 M urea at pH 6.3 and 5 "C, is not seen in the unfolded GB1 domain in 7.4 M urea, pH2, and 25 "C (where the
difference in 'H chemical shift is only 0.03 ppm).
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Dynamics of urea-unforded GB1
Although the NOE and coupling constant data provide no evidence for any residual structure, it is possible that transient medium-orlong-rangestructures
may be manifested in the
backbone dynamics of unfolded GBl. To this end, we carried
out I5N relaxation measurements at 500 and 600 MHz on unfolded GB1. The resulting "N T I ,T,, and IH-"N NOE data
are summarized in Figure 7. The T I ,T,, and NOE values appear to be quite uniform with two exceptions. First, there are
clear-cut end effects at the N- (residues 2-4) and C- (residues 5356) termini manifested by longer TI and T2 values and large
negative NOE values. Excluding these residues, the average T I ,
T,, and NOE values (for residues 5-52) are 592 f 34 ms, 330 f
47 ms, and -0.04 k 0.13, respectively. Second, the T, values
are systematically shortened between residues 42-48, and the T,
values at both 500 and 600 MHz are systematically shortened
between residues 21-22,28-33, and 43-51. In general, the values of the relaxation parameters at 500 and 600 MHz follow each
other closely. There are a few exceptions, in particular at the
N- and C-termini, presumably as a result of end effects complicating the motion. Also, there are a few additional regions where
the NOE values at 500 and 600 MHz appear todiffer quite sig-

-1.5

I

o

-2.00

Residue Number

Fig. 7. Summary of the "N TI, Tz. and NOE relaxation data for the
unfolded GB1 domain. Data collected at 500 and 600MHz are represented as open and closed diamonds, respectively. Dashed and solid lines
represent the global best fitto the data at500 and 600 MHz, respectively,
using Model 2 (cf. the spectral density function represented by Equation 2). Fitting errors in the TIand T2 values are generally52% and are
smaller than the symbols, and errors in the measured NOE values are

fO.l-0.15.
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nificantly, with the values at one frequencybeing zero, and at
the other, either negative (e.g., residues 16, 18, 21, and 22) or
positive (residues 34,42, 43, and
47). This is mainly due to imprecision in the measurement of very small NOE values.
Clearly, the dynamics of a random coil are complex. We therefore proceeded tofit the I5N relaxation data using two different approaches based on the general model free analysis
of
Lipari and Szabo (1982). In the first instance (Model l), the
was fit sicomplete data at500 and 600 MHz for each residue
multaneously using the Lipari and Szabo (1982) spectral density function:

+

J ( w ) = S27,/(1 w 2 7 ; ,

+ ( 1 - S2)7,/(1 + w y ) ,
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optimizing the value of the order parameterS 2 and the two correlation times, 7, and re, for each residue independently. This
provides an adequate fit to the data
within experimental error,
and the values of S 2 , T , , and 7, are summarized in Figure SA.
In the second instance (Model 2), the complete data
500atand
600 MHz for all residues was fit simultaneously using the extended spectral density function of Clore et al. (1990b)

01

I

. -

08-

3 0.6
c

v

rm04-

Residue Number

optimizing a single global value of the three correlation times
r r , T , ~ and
,
re2, and the
values of the order parametersSf’ and
S,’ for each residue (note that the overall order parameter
S2=
Sf’ .S,’). In addition, in the case of the fit using Equation 2, it
was necessary to introduce an exchange line-broadening term
Aex given by

B

’.O

Model 2

o,8

11

n
6.
..

0.4
0.2

1/T2(0bs) = 1/T2

+ rAex,

(3)

[with rAex(500) = rAex(600) x 0.6941 for a small number of
residues (namely, residues 22 and 23, 27-32, and 44-51). The
fit to the experimental data for the spectral density function
given by Equation 2 is shown in Figure 7and is of the same quality as that obtained using Model 1. Plots of the optimized values of S 2 , Sj, and S,’ as a function of residue number are
shown in Figure 8B.
S2are fairly uniThe values of the overall order parameters
form across residues 6-52, with average values of 0.49 k 0.04 and
0.46 -t 0.03 for Models 1 and 2,respectively. Moreover, the RMS
difference between the values of S2 on a residue by residue basis
derived using Models 1 and 2 is extremely small (0.046), indicating
that the values obtained for S 2 are essentially independent of
which of the twomodels is used (Fig. 8). These valuesare a factor
of about 1.6-1.7 smaller than thevalues of S 2 typically observed
for the cores of folded proteins (Kay et al., 1989; Clore et al.,
1990a; Kordel et al., 1992; Redfield et al., 1992; Barchi et al., 1994),
but are comparableto those observed inflexible linker or loop regions (Clore et al.,1990a; Barbato et al., 1992; Akke etal., 1993).
Interestingly, S2 varies over a very small range, 0.4-0.5, over residues 6-52. This is in stark contrast to theresults obtained for a
disordered 131-residue fragment ofstaphylococcal nuclease (Alexandrescu & Shortle, 1994) and fora few selected residues of an unfolded SH3 domain in equilibrium with the folded state under
aqueous conditions (Farrow et al., 1995). In these two latter cases,
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Fig. 8. Variation as a function of residue in the various parameters de$, S:, rAex) obtained
scribing Models l (Sz, T, and 7,) and 2 (Sz,
from a nonlinear least-squares best fit of the data shown in Figure 7 to
Equations 1 and 2, respectively. Standard deviations in the fitted parameters areshown as vertical bars. In the case of Model 2, single global
values of the correlation times T,, r e , ,and Te2 are used to fit the data,
the exchange term (TAex) was only required for residues 21-22,27-33,
and 44-51, and S2 = S3.S:.
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to be suggestive of the presence of some transient medium-or
S2 varies from 0.05 to 0.8 and from 0.2 to 0.8, respectively, exlong-range structure in these threeregions whose population and
cluding residuesat the N- and
C-termini. At theN- and C-termini
lifetime are sufficiently small and short, respectively, that no
of unfolded GBl, however, there is a significant decrease in the
nonsequential 'H-'H NOEs can be observed.
0.1 for residues 2 and 56. These
values of S 2 ,which drop to about
results suggest that unfolded GB1forms a somewhat compactrandom coil with uniform dynamic properties on the subnanosecond
Concluding remarks
time scale except for three to fourresidues at theN- and C-termini,
In contrast to other denatured proteins that have
been studied
where the amplitude of the subnanosecond motions are
signifiby NMR (Neri et al., 1992a, 1992b, 1992c; Logan et al., 1993,
cantly increased as a result of end effects.
1994; Shortle & Abeygunawardana, 1993; Stockman et al., 1993;
In the case of Model 2, S 2 is the product of two order paArcus et al., 1994; Alexandrescu et al., 1994; Alexandrescu &
rameters Sf and s,'. S j is relatively uniform throughout the seShortle, 1994), the chemical shift, 'H-IH NOE and coupling
quence with an average value of 0.59k 0.07. S,', on the other
constant data show no evidence for the presence of any residhand, displays large decreases at the N- and C-termini, and
ual partially populated structure in the urea-unfolded state of
hence contributes to the decreasein S 2 for these residues. The
GB1 at pH 2. Thus, the unfolded state
of GB1 characterized in
average value of S,' for residues 6-52 is 0.81 k 0.07. Thus, in
this paper probably represents theclosest example ofa random
Model 2, the faster motion associated with T , ~is of significantly
coil unfolded protein observed
to date. The "N relaxation
larger amplitude than the smaller one associated with 7,2.
data, however, provide evidence for conformationally restricted
In Model 1, values of 7, and 7, are obtained independently
motion in three segments of the unfolded polypeptide correfor each residue. The average values of 7, and 7, are 3.19 k
sponding to the second 0-hairpin (where the phenomenon is
0.69 ns and 112 -t 3 ps, respectively. In thecase of Model 2,sinmost marked), the middle of the a-helix, and the N-terminus of
gle global values of T,, T,~, and 7,2 are used to fit the relaxthe a-helix of folded GB1. Because the dynamics of unfolded
ation data for all the residues simultaneously and these have
GB1 are highly complex, it is uncertain whether these motions
values of 2.92 k 0.06 ns, 75 k 20 ps, and 400 -t 80 ps, respecoccur on a time scale that is only a factor of about twoslower
tively. Thus, the overall correlation times 7, obtained by the
than the apparent average (per residue) correlation time of
two methods of analysis are in good agreement. It is interest-3 ns (as deduced from the spectral density functiongiven by
ing to note that the overall rotational correlation time of folded
Equation l), or whether they give rise to chemical exchange line
GB1 at 25 "C is 3.3 k 0.02 ns (Barchi et al., 1994). To compare
broadening (as deduced from thespectral density function given
the values of 7, for the folded and unfolded states of G B l , it
by Equation 2), in which case the time scale may range from
is essential to take into account theviscosity of the solutions,
these
about 4 ps to 2 ms. Moreover, it is important to note that
because 7, scales linearly with viscosity. Because the viscosity
motions do not perturb the
values of the overall order paramof a solution of 7.4 M urea is 1.56-fold higher than thatof water (Weast & Astle, 1983), we conclude that, at the same solu- eters S2,which are only dependent on internal motions occurring on the subnanosecond timescale and are fairly uniform,
tion viscosity, the apparent overall tumbling rate of unfolded
0.5 (for residues 6-52), except
varying over a range from 0.4 to
GB1 is a factor of about 1.7 times higher than that for thefolded
at the N- and C-termini, where end effects predominate.
Irstate.
respective of the interpretation, the population
of ordered strucAs noted above, the TI and T2 values are significantly reture in these three regions is too small to permit the observation
duced for residues 42-5 1, and the T2values are also reduced for
of 'H-'H NOEs. It
is possible that these three regions may
residues 21-22 and 28-33 (Fig. 7). In the case of Model 1, this
comprise potential nucleation sites for folding. In this regard,
is accommodated by corresponding increases in the values of
three observations are of interest. First, the three regions cor7,, and, in the case of residues 44-46, by 7, as well (Fig. 8A).
respond to the segments of the polypeptide that show apparent
T2 effects are
In the case of Model 2, on the other hand, the
protection factors for ND-NH exchange up to 10-fold higher
manifested by the necessity to include a chemical exchange term,
than thatexpected for a random coil in the apparentinitial state
which again essentially mirrors the T2 variation in these three
observed in the folding of GB1
by quenched flow D-H exchange
regions (Fig. 8B). Although anexact physical model of this phenomenon is not feasible, owing to the fact that unfolded GB1 (Kuszewski et al., 1994). Second, a 16-residue peptide comprisbeen shown by NMR to containa
is not a globular protein,these results clearlyindicate that some ing the second @-hairpin has
population of about 40% native-like &hairpin structure in pure
sort of conformationally restrictive motion must be taking place
water (Blanco et al.,1994b). Third, a 20-residue peptide correin these regions, either on the nanosecond time
scale in the case
sponding to the a-helix of GB1 been
has shown to easily adopt
of Model 1, or a time scale of -4 ps to about 2 ms in the case
an a-helical conformation upon addition of only
small amounts
of Model 2 (Powers et al., 1992). (Note that for Model 2, the
lower limit of the lifetime 7, of the exchange process is given
of trifluoroethanol (Blanco & Serrano, 1995).
by 7, -2Aex/[~(v, - V B ) ' ] , where v, and vB are the chemical shifts of states A and B, respectively, assuming a maximum
Materials and methods
ISN chemical shift differenceof 2 ppm and a minimum detectable increase in line width Aex of 0.1 Hz; the upper
limit is deSample preparation
termined by the 400-ps time interval between the refocusing
pulses of the Carr-Purcell-Meinboom-Gill sequence used to
GB1 was expressed and purified as described previously (Gronenmeasure T2).It is interesting to note that the threeregions corbornetal., 1991; Gronenborn&Clore, 1993). Uniformly(>95%)
respond to the N-terminus and middle
of the single a-helix and
I5N- and "N/I3C-labeled GB1 domain was prepared by growing
to the second 0-hairpin (between strands
3 and 4) in folded
the bacteria on minimal medium using "NH4CI and '3C6-glucose
as thesole nitrogen and carbonsources, respectively. The samples
GB1 (Fig. 1). The dynamic data may therefore be interpreted
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for NMR contained approximately 0.5 mM protein, 7.4 M urea,
pH 2.0.
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