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Molecular function is often predicated on excursions between
ground states and higher energy conformers that can play impor-
tant roles in ligand binding, molecular recognition, enzyme catal-
ysis, and protein folding. The tools of structural biology enable a
detailed characterization of ground state structure and dynamics;
however, studies of excited state conformations are more difficult
because they are of low population and may exist only transiently.
Here we describe an approach based on relaxation dispersion NMR
spectroscopy in which structures of invisible, excited states are
obtained from chemical shifts and residual anisotropic magnetic
interactions. To establish the utility of the approach, we studied an
exchanging protein (Abp1p SH3 domain)–ligand (Ark1p peptide)
system, in which the peptide is added in only small amounts so that
the ligand-bound form is invisible. From a collection of 15N, 1HN,
13C�, and 13CO chemical shifts, along with 1HN-15N, 1H�-13C�, and
1HN-13CO residual dipolar couplings and 13CO residual chemical
shift anisotropies, all pertaining to the invisible, bound conformer,
the structure of the bound state is determined. The structure so
obtained is cross-validated by comparison with 1HN-15N residual
dipolar couplings recorded in a second alignment medium. The
methodology described opens up the possibility for detailed struc-
tural studies of invisible protein conformers at a level of detail that
has heretofore been restricted to applications involving visible
ground states of proteins.

Carr–Purcell–Meiboom–Gill (CPMG) � dynamics � excited state structure �
residual dipolar couplings � chemical exchange

Much of structural biology focuses on the generation of static
structures of biomolecules, with less consideration of how

such structures change in time. This, in part, reflects the sample
requirements that are imposed by the different structural methods.
In the case of studies using x-ray diffraction, for example, molecular
dynamics are minimized due to the crystalline nature of the sample
itself, which traps the molecule in a single conformation, and by the
liquid nitrogen temperatures that are used in most experiments. In
the case of solution NMR spectroscopy, sample conditions are
sought that give rise to the ‘‘highest quality spectra’’ that often
derive from the most stable form of the protein, and conforma-
tional heterogeneity that reflects excursions between different
states is thus minimized. Certainly, initial focus on a single static
representation is a wise choice, as much can be learned from these
high-resolution pictures. However, function is often predicated on
excursions between different conformers (1, 2), and it is therefore
of interest to obtain detailed structural information about the many
different states of a biomolecule that populate its energy landscape.

Of the different conformers that one wishes to study, it is clear
that those belonging to the low energy ground state are the most
easily probed, because they are populated to the greatest extent.
Higher energy states (referred to as excited states in what
follows) are often much more recalcitrant to study using existing
biophysical approaches because their populations can be small.
For example, molecular conformers that are above the ground
state in energy by only 3kBT (�2 kcal/mol) are populated to less
than 5% and often have very short (micro- to millisecond)
lifetimes, rendering them essentially invisible to many of the
tools of structural biology.

Solution-based NMR spectroscopy can, in principle, provide
detailed information about excited, invisible states so long as
they are populated to at least 0.5% and they exchange on the
millisecond time-scale with a highly populated, and therefore
‘‘visible,’’ state (3, 4). In these cases, exchange increases the line
widths of peaks in spectra of the visible conformer, and this
increase can be quantified from so-called Carr–Purcell–
Meiboom–Gill (CPMG) relaxation dispersion experiments (3).
The kinetics of the exchange process, the populations of the
exchanging states, and the absolute values of chemical shift
differences between ground and the excited state(s) can be
extracted from fits of relaxation dispersion data. The sign of the
shift difference and hence the chemical shifts of the excited state
can subsequently be obtained by a comparison of peak positions
in a series of simple two-dimensional spectra, as described
previously (5). We have recently shown that accurate 15N, 1HN,
13C�, and 13CO chemical shifts of an invisible state correspond-
ing to the bound conformer of a protein–ligand exchanging
system could be obtained from fits of relaxation dispersion data
(6). It has also recently been shown that variants of the standard
CPMG-based relaxation dispersion experiments can be designed
for samples dissolved in small amounts of alignment media (7, 8)
so that anisotropic interactions, including residual dipolar cou-
plings (RDCs) and residual chemical shift anisotropies (RCSAs)
of the invisible state, can be measured. Based on these ap-
proaches, accurate values of 1HN-15N, 1H�-13C�, and 1HN-13CO
RDCs and 13CO RCSAs have been reported in an exchanging
protein system (7, 9, 10).

It is well known that protein chemical shifts are related closely
to structure (11, 12), and a number of powerful protocols have
recently been developed for the calculation of protein structures
using only backbone chemical shifts as experimental restraints
(13, 14). It is unclear, however, whether the dataase approach
used is generally appropriate for the calculation of structures of
low populated excited states that may, in some cases, have
different structural preferences than those found in well folded
proteins. It is therefore important to supplement chemical shifts
with both RDCs and RCSAs that are also rich in structural
information (15, 16). Thus, with the development of robust
methods for the measurement of both chemical shifts and
anisotropic interactions in invisible protein states, it is now
possible to contemplate structural studies of these ‘‘elusive’’
conformers. Here we study the invisible bound state that is
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formed on the addition of a small mole fraction (�5%) of a
17-residue Ark1p peptide (17) to a solution of the Abp1p SH3
domain (18), an exchanging system that we have investigated by
CPMG relaxation dispersion methods and for which large
amounts of chemical shift (6) and RDC/RCSA data have been
recorded (7, 9, 10). We show that restraints available from
relaxation dispersion data alone permit the calculation of a well
defined ensemble of structures of the invisible bound state, with
a pairwise root mean square deviation of backbone atoms of
0.33 � 0.08 Å. Cross-validation using 1H-15N RDC values
measured in a second ‘‘orthogonal’’ alignment frame establishes
the accuracy of the structure. This work demonstrates that
detailed structural information of low populated, transiently
formed conformers can be obtained from restraints measured
directly from relaxation dispersion NMR spectroscopy, and sets
the stage for structural studies of invisible protein states in a
large variety of exchanging systems.

Results and Discussion
Structural Restraints from Relaxation Dispersion NMR. The binding
of the Abp1p SH3 domain to a 17-residue, positively charged
peptide from the yeast protein Ark1p can be well described by
a two-site exchange model,

P � LL|;
kon

koff

PL

with Kd � 0.55 � 0.05 �M (7). This system has proven to be
extremely useful for establishing the methodology necessary for
probing structure in invisible excited states because of the ease
with which it can be manipulated simply by the addition of
different amounts of peptide. For example, for small mole
fractions of added peptide, L, P and PL are the ‘‘visible, ground’’
and ‘‘invisible, excited states’’, respectively. In contrast, when
saturating amounts of L are added, PL becomes the visible state.
It is thus possible to validate measurements that probe the
invisible PL state with those made directly on state PL when it
is the dominant conformer using conventional, well established
NMR experiments. Here, we focus on the Abp1p–Ark1p system
under conditions where PL is invisible (5–10% mole fraction of
L) and show that it is possible to calculate ensembles of
structures corresponding to the invisible bound conformation
based exclusively on structural information from relaxation
dispersion experiments.

Fig. 1A shows a polypeptide chain trace highlighting the
probes that are available in the present study. Relaxation dis-
persion profiles have been recorded that focus on 15N, 1HN, 13C�,
and 13CO nuclei using previously published experiments (6,
19–21). Data from a given nucleus-type is fitted together to
extract absolute values of chemical shift differences between
ground (P) and excited (PL) states, ���� (ppm) or ���� (rad/sec),
along with the global parameters, kex � kon[L] � koff and pPL, the
population of the excited state (3, 7). For each of the four nuclei
indicated above, the sign of �� can be obtained in many cases
and hence the chemical shifts of the excited state, following the
approach of Skrynnikov et al. (5). Fig. 1 B–F shows examples of
dispersion profiles, �R2,eff � R2,eff(�CPMG) � R2,eff(�), where
R2,eff is the relaxation rate at a given �CPMG � 1/(2�) value, and
� is the time between successive refocusing pulses during the
CPMG pulse train. In addition to the experiments that are
sensitive to ���� described above, a second class of dispersion
experiment can be performed that ‘‘carries’’ the information
about dipolar couplings (7, 8). Here dispersion profiles quanti-
fying the relaxation of nucleus X (15N, 13C�, 13CO) coupled to
nucleus Y in the up or down spin-state are measured; such
profiles are sensitive to ��� � ��D�, where �D (� DG � DE) is
the difference in the XY dipolar coupling in the ground and

excited states. The sign of �D is obtained once the sign of �� is
known, and because dipolar couplings can be measured readily
in the visible ground state (16), values of D in the excited state
can be calculated directly from ��D � DG. In a third class of
experiment, changes in chemical shifts of 13CO nuclei in the
excited state upon alignment can be obtained by analysis of
relaxation dispersion experiments recorded with and without
molecular alignment, as described previously (9). This orients
the components of the 13CO chemical shift tensor (Fig. 1 A,
green), and hence the peptide plane, with respect to the align-
ment axis, providing another source of structural information.
Supporting information (SI) Tables S1–S7 summarize the chem-
ical shift, RDC, and RCSA data of the invisible, ligand-bound
state that are used in subsequent structure calculations. A
histogram of the distribution of normalized 1HN-15N, 1H�-13C�,
and 1HN-13CO RDC values is presented in Fig. S1.
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Fig. 1. Probing chemical shifts and residual anisotropic interactions in the
invisible, excited state. (A) Stick model of a polypeptide chain fragment
highlighting the dipolar (1HN-15N, 1H�-13C�, 1HN-13CO) and chemical shift
anisotropy (13CO) interactions of the invisible, excited state that are probed
(arrows), as well as the chemical shifts (1HN, 15N, 13C� and 13CO) that are
measured (balls) by the relaxation dispersion NMR experiments that were
recorded for the present work. (B–F) Typical relaxation dispersion profiles
recorded on samples of 15N,2H- (B, C, and F), 13C�- (D), or 15N,13CO,2H- (E)
labeled Abp1p SH3 domain and substoichiometric amounts of Ark1p peptide
(�5–10% by mole fraction, depending on the sample) at static magnetic field
strengths of 500 and 800 MHz (red and blue points, respectively), 25°C, along
with global fits of the data to a model of two-site chemical exchange (solid
lines).
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Structure Determination Protocol. As described above relaxation
dispersion data are sensitive to changes in chemical shifts
between exchanging states. Fig. 2A plots the changes in 1HN, 15N,
13C� and 13CO chemical shifts between free (‘‘ground’’) and
bound (‘‘excited’’) conformations of the Abp1p SH3 domain as
a function of residue. Values of �� have been normalized by
nucleus-specific values, �std, corresponding to the range of shift
values (1 standard deviation) that are observed in a database of
protein chemical shifts (www.bmrb.wisc.edu). Non-zero values
of �� cannot be interpreted as evidence for a change in structure
at the site of the measurement because fluctuating magnetic
fields due to proximal mobile spins can account for such changes
in ��. However, if values of �� � 0 are obtained for all four
measured chemical shifts, then this is a strong indicator of little
structural change between ground and excited states. Fig. 2B
plots

��RMS 	 � 1
N� i � �� i

� std
i � 2

as a function of residue, where the summation is over the n � 4
measured chemical shift differences illustrated in Fig. 2 A; for a
few residues, n � 4 in cases where dispersion profiles could not
be quantified. It is clear that there are continuous segments of
polypeptide chain where there are essentially no changes in
chemical shifts between states, ��RMS � 0.05, whereas other
portions of the structure, denoted by regions 1, 2 and 3 in Fig.
2B and corresponding to approximately twothirds of the protein
sequence, show more pronounced changes. Fig. 2C plots these 3
regions on the x-ray-derived structure of the apo form of the
Abp1p SH3 domain (1jo8) (22); they were allowed to vary in a
restrained molecular dynamics protocol that calculates struc-
tures of the invisible, bound state while the remaining residues
(gray) were constrained to the same conformation as in the
ground, free form of the domain throughout the calculations (see
below). It is clear that the choice of ��RMS � 0.05 is somewhat

arbitrary; larger values lead to improved rates of convergence of
structures because more residues are constrained. However,
because the structures presented in this work are the first
calculated for an excited state from relaxation dispersion data
exclusively, we favor the low value used here as it provides a
particularly stringent test of the experimental restraints.

Structure calculations were performed using the Xplor-NIH
software package (23) and made use of 1HN-15N, 1H
1-15N
1

(Trp), 1H�-13C�, and 1HN-13CO RDC and 13CO RCSA restraints
as well as (�, �) torsion angle restraints that were obtained from
1HN, 15N, 13C� and 13CO chemical shifts using the program
TALOS (24) (all dihedral restraints obtained in this way are
reported in Table S8). ‘‘Randomized’’ starting structures were
generated from the x-ray coordinates of the apo form of the
Abp1p SH3 domain (22) by high-temperature molecular dynam-
ics in which residues within regions 1, 2, and 3 (denoted in red,
green, and blue, respectively in Fig. 2C) were unconstrained,
with all other regions of the molecule fixed to the x-ray structure.
The 10 starting structures generated in this way are shown in Fig.
3A; average pairwise rmsd values for the backbone (N, C� and
CO) atoms in regions 1–3 are 4.6 � 0.9 Å within this ensemble
and 8.6 � 1 Å between members of the ensemble and the x-ray
structure, ensuring a wide variety of starting structural models
that were not biased by the structure of the ground state (rmsd
values calculated as described in the legend to Fig. 3).

Initially we were interested in evaluating the quality of struc-
tures that could be generated by using only the (�, �) restraints
from TALOS based on the chemical shifts that were obtained for
the excited state from relaxation dispersion measurements.
Thus, the 10 starting structures generated above (with regions
1–3 randomized, Fig. 3A) were subsequently refined by inclusion
of only (�, �) restraints using a standard torsion angle molecular
dynamics (TAMD) protocol (23). Fig. 3B shows an ensemble of
the 10 lowest energy structures of the invisible, excited state
generated in this manner. The structural quality is marginal at
best, with a pairwise rmsd value of 3.2 � 1.2 Å. It is clear that
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1–3) and highlighted on the x-ray structure of the apo-form of the Abp1p SH3 domain (22) by color (C).
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additional restraints are required, and these are provided in the
form of RDCs and RCSAs, as described below.

Initial structure calculations that included both torsion
angle and anisotropic restraints (for regions 1–3 in Fig. 2C) had
a poor convergence rate, however, and a two-stage protocol
with improved efficiency was therefore developed. In stage 1,
initial starting structures were generated from the conformers
in Fig. 3A that contained only one of regions 1–3, with the
other two removed. Following a TAMD protocol [with (�, �)
and anisotropic restraints], described in detail in SI Text, mean
values of (�, �) dihedral angles averaged over the resulting 10
lowest energy structures were calculated and subsequently
used as backbone angle restraints for every residue in the
segment of interest (the red, green, or blue regions in Fig. 2C)
in stage 2 of the protocol (see below). The process was
repeated for each of the additional two segments to generate
a near-complete list of (�, �) restraints; note that before this
set of computations torsion angle restraints were available for
only �60% of the variable residues from chemical shift
data/TALOS. Of interest, both the mean and the distribution
of (�, �) values change very little whether 10 or 20 structures
are used, with differences in the mean less than 1° on average
(6° maximum). In stage 2, TAMD calculations were repeated
on the intact molecule using (�, �) restraints obtained for all

residues in regions 1–3 from the previous dynamics runs and
the full set of RDC and RCSA values. Here, convergence was
much higher than initial calculations on the intact molecule
because torsion angle restraints for almost every residue in
regions 1–3 were available (restraints were not included if their
standard deviations were 	50°). Fig. 3C shows an ensemble of
the 10 lowest energy structures of the invisible state obtained
with both (�, �) and anisotropic restraints. It is clear that inclusion
of RDC and RCSA values leads to significant improvements in the
structures (compare Fig. 3 B and C) with pairwide rmsd values
decreasing from 3.2 � 1.2 (B) to 0.33 � 0.08 Å (C). Fig. S2 plots
the total energy of each structure versus the rmsd to the lowest
energy structure, showing that a large number of structures con-
verge using the protocol described above.

Validation of Structures. Fig. 4 shows a comparison between
experimental RDC and RCSA values and those predicted from
the 10 lowest energy structures. The goodness of fit to the RDC
data was evaluated by the R factor defined by Clore et al. (25),
with values between 0.14 and 0.27 obtained. Low values of R,
such as those generated here, indicate that the experimental
data are well fit by the structural models. However, to get
additional verification that the models are correct, we re-
corded 1H-15N RDC values in the excited state using a

Fig. 3. Solution structure of the invisible, Ark1p-peptide bound conformation of the Abp1p SH3 domain. (A) Ensemble of 10 starting structures generated from
high temperature molecular dynamics of the apo-Abp1p SH3 domain x-ray structure (22), as described in the text. Regions in gray are fixed to the x-ray structure,
because ��RMS � 0. The pair-wise rmsd values of the backbone C�, CO and N atoms of regions 1 (red), 2 (blue) and 3 (green) are 5.8 � 1.6, 3.7 � 1.0, 2.6 � 0.7
Å, respectively (10.4 � 1.6, 8.6 � 1.2, 3.8 � 0.6 Å with respect to the apo-Abp1p1 SH3 domain x-ray coordinates). (B) Ensemble of the 10 lowest energy structures
generated using (�, �) restraints exclusively, as described in the text. Pair-wise rmsd values of regions 1, 2 and 3 are 3.1 � 1.4, 3.8 � 2.4 and 1.2 � 0.7 Å, respectively.
(C) As in B, but including restraints from residual anisotropic interactions as measured using a single alignment media (Pf1). The rmsd values of 0.39 � 0.12, 0.30 �
0.11 and 0.20 � 0.06 Å are calculated for regions 1–3 (0.47 � 0.10, 0.76 � 0.14 and 0.53 � 0.07 Å to the reference structure of the bound form). Inset, ribbon
diagram of the apo-Abp1p SH3 domain x-ray structure; all conformers in the figure are in the same orientation. All of the rmsd values reported are calculated
by superimposing the ‘‘fixed’’ regions (gray in Fig. 2C); the fixed regions are not included in the computation.

-20

-15

-10

-5

 0

 5

 10

 15

 20

-20 -15 -10 -5  0  5  10  15  20
-30

-20

-10

 0

 10

 20

 30

-30 -20 -10  0  10  20  30

1HN-15N/1Hε1-15Nε1 RDCs
R = 13.6-17.3% 

1Hα-13Cα RDCs
R = 22.0-26.9%

B
ac

k-
ca

lc
u

la
te

d
 R

D
C

s 
(H

z)

CPMG Derived RCSAs, Pf1 (ppb)CPMG Derived RDCs, Pf1 (Hz)CPMG Derived RDCs, Pf1 (Hz) CPMG Derived RDCs, Pf1 (Hz)

-20

-15

-10

-5

 0

 5

 10

 15

 20

-20 -15 -10 -5  0  5  10  15  20

1HN-13CO RDCs
R = 20.1-24.3%

13CO RCSAs
RMSD = 25-30 ppb

B
ac

k-
ca

lc
u

la
te

d
 R

C
S

A
s 

 (
p

p
b

)

-300

-200

-100

 0

 100

 200

-300 -200 -100  0  100  200

A B C D

Fig. 4. Goodness of fit between experimental and calculated anisotropic restraints. Correlation between calculated (y axis) and experimentally derived (x axis)
1HN-15N (A), 1H�-13C� (B), 1HN-13CO (C) RDC and 13CO chemical shift anisotropy (D) restraints for the 10 lowest energy structures of Fig. 3C, along with the range
of calculated R values (A–C based on the 10 structures), as defined by Clore et al. (25). Average R values changed by less than 1% when the number of included
structures was increased to 20. In D, the rmsd between the experimental and predicted RCSA values is given.

Vallurupalli et al. PNAS � August 19, 2008 � vol. 105 � no. 33 � 11769

BI
O

PH
YS

IC
S

http://www.pnas.org/cgi/data/0804221105/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0804221105/DCSupplemental/Supplemental_PDF#nameddest=SF2


different alignment media. Fig. 5A shows a comparison of
1HN-15N RDC values obtained with alignment in Pf1 phage
particles (26) and in a medium composed of PEG/hexanol (27);
the correlation between the data sets is poor (Pearson corre-
lation coefficient of �0.35), consistent with very different
molecular alignment frames. The PEG/hexanol data do, how-
ever, fit well to values predicted on the basis of the calculated
structures of the invisible, ligand-bound state as shown in Fig.
5B, where the correlation between experimental and calcu-
lated RDC values is presented (Rfree � 0.21–0.35 for the 10
lowest energy structures).

After the 1H-15N RDC values recorded in the second align-
ment medium were used to cross-validate the ensemble of SH3
domain structures corresponding to the invisible, ligand-bound
conformation, they were also included in the structure determi-
nation protocol, leading to further improvements in the quality
of the structures (compare Fig. 3C and Fig. 5C). For example,
pairwise rmsd values of 0.39 � 0.12, 0.30 � 0.11, and 0.20 � 0.06
Å are calculated for regions 1–3 of the set of 10 lowest energy
structures determined using anisotropic restraints from a single
media, whereas the corresponding values decrease to 0.27 �
0.12, 0.21 � 0.07, and 0.17 � 0.07 Å when refinements are based
on restraints from both alignment media. In addition, the
orientations of the Trp 36 and Trp 37 side-chains become better
defined when H
1-N
1 RDCs are included from both alignment
media.

A high-resolution structure of the Ark1p ligand-bound form of
the Abp1p SH3 domain is not available presently to compare
with the calculated structures of the invisible bound state
produced here. With this in mind, we have generated a structural
model of the bound conformation using the protocol described
by Chou et al. (28), starting from the x-ray structure of the
apo-state and refining with 1HN-15N, 1H�-13C� and 1HN-13CO
RDC restraints measured directly on the fully bound form of the
protein. An average pairwise rmsd of 0.43 � 0.04 Å is obtained
between the backbone atoms of the 10 lowest energy excited
state structures (calculated from anisotropic restraints measured
from relaxation dispersion experiments conducted in both align-
ment media) and the structural model of the bound conforma-
tion derived from the apo form of the x-ray structure (the
corresponding value is 0.60 � 0.09 Å when anisotropic restraints
from only one medium are used). It is clear that the restraints
obtained from relaxation dispersion methods are, at least in this
case, sufficient to define the backbone protein fold of the
invisible state.

We have also compared the structures of the invisible, bound
state derived here with the x-ray structure of the apo SH3
domain (1jo8) (22). The average pairwise rmsd is small (�0.4 Å
for regions 1–3), as expected based on the small chemical shift
differences measured (Fig. 1). It is important to note that the
structure-determination approach described here would work
equally well in cases where large differences in conformation
exist between the states. Indeed, regions 1–3 of the starting
structures were �9 Å from the apo x-ray structure (Fig. 3A) (and
also from the bound state), so that little bias is introduced from
the starting conformers.

In summary, we have provided a detailed structural charac-
terization of an invisible, excited state conformer, based on
structural restraints measured exclusively by means of relaxation
dispersion NMR methods. It is anticipated that additional
relaxation dispersion methodology can be developed extending
to other interactions, such as those in side-chains of proteins,
leading to further improvements in the quality of obtainable
structures.

Materials and Methods
Sample Preparation. The preparation of samples for the measurement of
relaxation dispersion profiles from which 15N, 1HN, 13C�, and 13CO chemicals
shifts and 1HN-15N, 1H�-13C�, 1HN-13CO RDCs and 13CO RCSA values are mea-
sured has been described earlier (6, 7, 9, 10, 20). Briefly, alignment was
achieved using Pf1 phage (�25 mg/ml, 25 Hz D2O splitting; 15 mg/ml, 15 Hz
splitting; 45 mg/ml, 55 Hz splitting) (ALSA Biotech) for measurement of
1HN-15N RDCs; 1H�-13C� RDCs; 1HN-13CO RDCs and 13CO RCSAs or PEG (C12E5)/
hexanol media (21 Hz D2O splitting). All experiments were carried out on
suitably labeled samples of �1.5 mM concentration in protein dissolved in
50 mM sodium phosphate, 100 mM NaCl, 1 mM EDTA, 1 mM NaN3 pH 7.0
buffer, 25°C.

NMR Spectroscopy and Data Analysis. Values of 15N, 13C�, and 13CO chemical
shifts of the invisible, bound state of the Abp1p SH3 domain have been
derived from relaxation dispersion CPMG-based experiments, as reported
previously (6). Only ���� 1HN values were available [from an analysis of 1HN
single-quantum (SQ) CPMG relaxation dispersion profiles]. The signs of 1HN ��

values have been determined by fits of 1HN-15N zero- and double-quantum
relaxation dispersion profiles measured at 500 and 800 MHz on an unaligned
sample, using the sign information of 15N �� values, as discussed previ-
ously (29).

1HN-15N, 1H�-13C�, and 1HN-13CO RDC and 13CO RCSA values of the invisible
state measured in Pf1 phage used in this study have been reported previously
(7, 9, 10). 1HN-15N RDCs for the invisible bound state aligned with PEG/hexanol
media were determined by recording constant-time 15N TROSY, anti-TROSY,
and 1H decoupled (CW) CPMG experiments (7) at 1H frequencies of 500 and 800
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Fig. 5. Cross-validation of the calculated structure of the invisible, Ark1p-bound form of the Abp1p SH3 domain. (A) Correlation between 1H-15N RDCs of the
invisible, bound state measured in Pf1 phage (y axis) and PEG/hexanol (x axis) alignment media. A poor correlation is obtained indicating that the molecular
alignment frames in each medium are significantly different (Pearson’s correlation coefficient of �0.35). (B) Correlation plot of 1H-15N RDCs measured on an
aligned system in PEG/hexanol vs. values predicted based on the structures of Fig. 3C that were not calculated using these restraints. Rfree values ranged from
21% to 35% for the 10 lowest energy structures. (C) Ten lowest energy structures calculated using (�, �) and residual anisotropic restraints obtained from two
alignment media (Pf1 phage and PEG/hexanol; only 1H-15N RDCs were measured in PEG/hexanol). The rmsd values of 0.27 � 0.12, 0.21 � 0.07, and 0.17 � 0.07
Å are calculated for regions 1–3, respectively (0.46 � 0.07, 0.32 � 0.03, 0.48 � 0.07 Å to the reference structure of the bound form, determined as described in
the legend to Fig. 3).
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MHz. The constant-time delay was set to 30 ms, and data were recorded at 18
CPMG frequencies between 33.33 and 1,000 Hz. RDCs were then extracted
from simultaneous fits of the resulting relaxation dispersion profiles by using
in-house written software (available upon request) and following protocols
described in detail previously (7, 10).

Structure Determination Protocol. Structures were calculated by using Xplor-
NIH software following well established protocols (23). Details are provided in

SI Text, along with a flow chart (Fig. S3) that summarizes the steps involved in
the process.
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