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Abstract

Structural studies of protein-ligand complexes are often limited by low solubility, poor affinity, and interfacial
motion and, in NMR structures, by the lack of intermolecular NOEs. In the absence of other structural restraints,
we use a procedure that compares simulated chemical shift perturbations to observed perturbations to better define
the binding orientation of ligands with respect to protein surfaces.

Introduction Le and Oldfield, 1994; de Dios et al., 1993; Laws
et al., 1993) and correlating shifts with secondary
X-ray and NMR structures of proteins interacting with and tertiary structure has renewed interest in using
other molecules provide us with a powerful tool for shift values as structural restraints (Wishart and Sykes,
understanding molecular recognition. The study of 1994; Williamson et al., 1995; Wishart et al., 1997).
complexes is often, however, plagued by poor solu- Experimentally, amide proton and nitrogen CS per-
bility and data quality is diminished by interfacial mo- turbations are easily detected #iN-edited HSQC
tion. Most X-ray crystal structures of protein-ligand spectra of'°N-labeled proteins interacting with un-
complexes are obtained for tight binding ligands with labeled ligands. Chemical shift differences between
affinities typically ranging from nanomolar to pico- free and bound protein are quantified by obtaining a
molar. While NMR structures can be obtained on weighted average ofHN and!°N CS perturbations.
complexes with affinities ranging from picomolar to The cause of the perturbations may be from direct
millimolar, the difficulty of structure determination contact with the ligand (e.g. hydrogen bonds) or in-
increases with decreasing affinity. There are many direct effects such as ring current shifts produced by
conditions under which no NOEs are detected between aromatic groups on the ligand.
the ligand and protein; poor solubility, low affinity, Experimental chemical shift perturbations can be
conformational variation and lack of protons are the used to identify a protein-ligand interaction site using
most common difficulties that we experience. Even in a surface mapping approach (recent examples: Shuker
unfavorable conditions where other inter-nuclear in- etal., 1996; Farmer etal., 1996; Rajagopal et al., 1997;
teractions cannot be detected, the nuclear chemicalSchmiedeskamp et al., 1997; Freund et al., 1999). In
shift is sensitive to local electronic changes. Chem- surface mapping, perturbations are typically mapped
ical shift (CS) perturbations have long been used to from the protein backbone (where the perturbation
indicate interaction sites, but their quantitative use has is detected) through the side chain of the perturbed
been slowed by a lack of theoretical understanding. residue. Residues that are perturbed are assumed to
Progress in simulating protein chemical shifts (Case, be proximal to the interaction site. One problem that
1998, 1995; Oldfield, 1995; Osapay and Case, 1994; we have encountered with surface mapping lies in the
_— fact that experimental CS perturbations are detected
*To whom correspondence should be addressed. E-mail: in the protein backbone while much of the protein
mark.mccoy@spcorp.com . . . . . .
surface is composed of amino acid side chains. It is
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Figure 1. Experimental CS perturbations due to W-7 binding are mapped to the surface 2st-qzam using GRASP (Nichols
et al., 1993). Color coding of the €h-CaM surface depicts the weighted average YN and 15N CS perturbations,
ACS= ([ACS(PHN)I2 4 [0.2ACS(15N)12)Y/2; red (ACS= 1.7 to 0.9 ppm); magentaACS= 0.9 to 0.5 ppm); yellow(ACS= 0.5 to
0.25 ppm). W-7, shown in a bond representation, bindst@@aM at two sites with approximately equal affinity &~ 31 wM). The correct
ligand interaction sites cannot be deduced from this representation.

our experience that CS surface mapping tends to over-the interaction sites of W-7 cannot be located. Even in
emphasize shifts of large, solvent exposed residuesless problematic CS perturbation maps it is our expe-
(Tyr, Lys, Arg, His) and under-emphasize interactions rience that precise information on the binding mode
with smaller residues such as Gly; buried residues are of the ligand is not available from such data. Our
also under-emphasized. Moreover, we have noticed goal was to develop a more quantitative, structural
that if only the backbone of a specific residue interacts representation of protein/ligand complex interactions
with the ligand, then surface mapping can lead to the under conditions that are not favorable to traditional
propagation of the interaction site to surface locations structural work. To this end, we have developed a
that are not involved in ligand binding. Despite these procedure to align weakly interacting molecules (few
potential problems, chemical shift surface mapping is or no NOES) to a protein surface using information
very useful since it can quickly and easily provide ap- contained in proton chemical shift perturbations. By
proximate interaction sites on protein surfaces. More alignment we refer to the placement of the ligand rel-
detailed structural information would require the de- ative to the protein in the correct binding location and
tection of intermolecular NOEs to be used as distance orientation. Recent work (Medek et al., 2000) uses dif-

restraints between the ligand and the protein. ferences in CS perturbations produced by many high
Figure 1 shows the limitations of the surface map- affinity, closely related analogs to identify and dock
ping approach when it is applied to the &aCaM- ligands into a binding pocket. Our procedure utilizes

W-7 complex (Osawa et al., 1998). From such a map, a simulation of proton chemical shift perturbations to



191

5":.:".NH|_|:'|'_::I'.MH_'.

W-7 ¥ Trp

Figure 2. The chemical structure of the W-7 ligand. A tryptophan residue (Trp probe) is used to mimic the W-7 naphthalene group for the
purpose of simulating the ring current shifts. Axes are defined for the rotations/translations used in Figure 4.

match experimentally observed CS perturbations; it 1°N-labeled protein. All shift data for this work were
does not require analogs, nor do we need high affinity obtained from published chemical shifts of<aCaM
ligands. The current implementation of our proce- (BMRB accession number-547; supplementary shifts
dure uses the aromatic ring current from the ligand from M. Ikura) and from the Ca -CaM-W-7 complex

as the only source of CS perturbations; therefore, the (BMRB accession number-4056). The 1MUX.pdb
ligand must have at least one aromatic ring. Our pro- structure file of the C& -CaM-W-7 complex was used
cedure is, however, general and is easily modified to for all CS simulations of ligand binding.

use non-aromatic contributions as well. Non-aromatic

contributions are in fact calculated, but are usually Atom representation

very small compared with aromatic ring current. This

manuscript describes the alignment protocol that we Experimental and simulated CS perturbations are
have developed and applies it to align the W-7 ligand Mapped onto an atom representation rather than to a
(Figure 2) to C&"-bound calmodulin (C& -CaM) surface. Figure 3A shows experimentddA CS per-

(Osawa et a|_, 1998) usirilg{A_CS perturbations_ turbations upon W-7 blndlng to calmodulin in an atom
representation. In an atom representation, the atom

size is linearly scaled according to relative intensity

Materials and methods of the CS perturbations; only those atoms that are per-
turbed are shown. The atom color indicates the sign
Alignment procedure of the shift. Negative CS perturbations (bound PPM

) _ — reference PPM) are indicated by red atoms while
Our alignment procedure consists of three steps; col- yqsitive CS perturbations are indicated by blue atoms.
lection of experimental data, calculation of simulated Note that the atom representation of CS perturbations
data and iterative alignment of the ligand position with  5jiminates problems such as interaction propagation
respect to the protein. Below, we describe some of the {hat is often seen in the surface mapping approach.
details of our procedure.

i ) Calculated shift data
Experimental shift data

In general. our ligand alianment procedure can use Simulated proton CS perturbations are obtained from
g ! 9 g P comparing changes in calculated shifts of the protein

. _ l _ .
Exi)r?nmsxntafiz'\lntorllHHNAC(,:SS Perrtturrgatti'o: dat?] (gr with and without ligand. SHIFTS 4.01b (D. Case, The
oth). perimenta ) perturbations can be Scripps Research Institute, La Jolla, CA) is used to

i 15N-adi 5N
lo;gz;ggd r(f)rtcgr_?' I_:Ihe:ritded tﬂthF ;r?declg a gjn?ental calculate, from a pdb file, the expectdd shifts of a
protein wi without igand. Experi protein with a ligand in close proximity and the ligand

1HA-CS perturbations can be obtained from HSQC- . ;
. f f h f Icul .
TOCSY or HNHA spectra that require only the use of ar removed from the protein (reference calculation)
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Figure 3. Chemical shift perturbations for HA atoms are plotted in an atom representation using GRASP (Nichols et al., 1993). The size of the
spheres is scaled relative to the largest CS perturbation while the sign of the perturbation determines the sphere color. Only the ring structures
of W-7 and the Trp probe are shown for clarity. (A) ExperimeﬁhelA chemical shift perturbations caused by W-7 binding to the C-terminal
domain of C&+-CaM; W-7 is shown in yellow. (B}HA-CS perturbations were calculated for 2160 Trp orientations and compared to observed

CS perturbations in Figure 3A using a Q-score (see text). The collection of Trp probes is placed in the center of the CS perturbations which
coincides with the W-7 binding site. No Trp probe was more thdnA from the W-7 binding site since this produces Q-scores that are

too large. (C) Superposition of the W-7 orientation (yellow), the Trp orientation with the best Q-score (green) and the next two best scores
(blue). (D) Calculated CS perturbations from a ‘best fit' Trp probe interacting with @zaM. A comparison of (D) with (A) reveals that

the CS calculations place the Trp probe in the correct binding site and in the correct orientation. The agreement between the experimental and
calculated data (sphere size and color) is very good.

The difference between the two calculations simulates chemical shift (electrostatic, bond anisotropy, etc.) we
the CS perturbations. Only proton chemical shifts are currently use only the ring current contribution. For

used in our alignment procedure. Even though ex- perturbations caused by aromatic ring currents, the
perimental’>N CS perturbations can be large, the sign of the chemical shift changes as a function of ring
understanding of°N shifts is limited (Le and Old- orientation and the intensity of the shift changes as a
field, 1994) and there is no appropriate simulation function of distance from the ring. A single ring on the

currently available. For weakly interacting ligands, we surface of a protein produces significant perturbations
assume that the aromatic ring current from the ligand (~0.1 ppm) for protons 7-10 A from the ring. Out-

is the most significant source of chemical shift change. of-plane orientations with respect to the aromatic ring
While SHIFTS can calculate other contributions to the give rise to negative upfield shifts and in-plane orien-
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tations give positive downfield shifts. The change of agreement with the pattern 8HA shifts, there are
the sign of the aromatic ring current as a function of many non-specifi¢HN-CS perturbations outside the
ring orientation typically produces a pattern of posi- W-7 binding site that cannot be modeled with a single
tive and negative proton shifts when aromatic ligands probe. In our experience non-specific CS perturba-
interact with a protein surface. These patterns are very tions can result from high ligand-to-protein ratios. The
sensitive to translation and rotation of the ring. experimentalHN data for the C&"-CaM-W-7 com-

It is important to point out that the accuracy of the plex was obtained with a 5:1 ligand-to-protein ratio
‘protein only’ CS calculations is less important in our which was necessary to obtain good NOE dat$A
applications than, for example, in using CS calcula- shifts are, however, less affected and can be reliably
tions to predict chemical shifts of folded proteins. In fit even at high ligand-to-protein ratios. Due to the
our work we calculate differences in CS perturbations; aforementioned limitations in the experimental data,
only the shift differences caused by the interaction we used only'HA shifts (calculated and experimen-
of ligand with the protein are important. As long as tal) for ligand alignment to the G&-CaM-W-7 model
these interactions are dominated by ring current shifts system.
produced by the ligand, we feel that this procedure is
accurate. HA shifts pinpoint W-7 binding sites

Ligand alignment The C&*-CaM-W-7 structure was determined on a
sample of 1.5 mM C&-CaM and 7.5 mM W-7 (Os-
The differences between experimental and simulated gwa et al., 1998). No structural rearrangement of
CS perturbations are minimized to produce the ligand C&+-CaM was observed upon W-7 binding, although
alignment. GRASP (Nichols et al., 1993) is used to |ower affinity non-specific interactions were detected.
place ligands in proximity to the protein and vary dis- The W-7 ligand binds calmodulin at two similar sites
tances and angles of the ligand to best fit the NMR with an 1Go of 31 uM for Ca?t-CaM dependent
data. The calculated and observed data can be di-activation of phosphodiesterase (Tanaka et al., 1982;
rectly imported into GRASP for comparison. Since MacNeil et al., 1988). Side chains of Phe92, 11e100,
SHIFTS is calibrated primarily for proteins, amino Leul05, Met109, Metl124, lle125, Alal28, Val136,
acid fragments were used as probes of chemical shift phe141, Met144 and Met145 define the C-terminal
perturbation. In most simulations, only aromatic ring  binding site. The side chains of Phe19, lle27, Leu32,
currents are used for alignment. Phenylalanine is usedMet36, Met51, lle52, Val55, 1le63, Phe68, Met71 and
as a probe for fragments containing benzene rings. Met72 define the N-terminal binding site.
Multiple Phe probes are used for compounds contain-  The experimentatHA-CS perturbations due to
ing multiple aromatic rings. More refined models, for \W-7 binding to the C-terminal pocket are shown in
example ofHN proton donation to a carbonyl, can be  an atom representation in Figure 3A. The N-terminal
created using glycine as a probe. pocket shows a different pattern of shifts since W-
7 binds in a different conformation. No calculations
were performed on this domain. The largest perturba-
tions in the C-terminal domain were observed for HA-
Met145 0.33 ppm) and HA-Phel141-0.24 ppm);
the radii of the remaining atoms are linearly scaled.
Only perturbations greater thar0.14 ppm are shown.

Results

Ca?t-CaM-W-7 complex

The C&*"-CaM-W-7 complex is used as a model imul h ; : bati ¢
system to test our alignment protocol. This system '© Simulate the experimental CS perturbations from

is used because there are assignments available foth€ naphthalene group of W-7, we replaced it with a
C&*+-CaM with and without the W-7 ligand, and W- 1P Probe (Figure 2) and performéHA-CS calcula-
7 interacts weakly yet it is soluble enough to permit tions using SHIFTS as described above._The quality
a high resolution solution structure to be determined ©f the fit of the calculated CS perturbations to the
with W-7 bound (Osawa et al., 1998). Since there €XPerimentalvalues can be quantified by

iS no secondary or tertiary structural rearrangement ACS(obs ACS(calo 7?2
of Ca&t-CaM upon W-7 binding, we can use either Q= Z [IACSn (obs| _ [ACS. (calc)J
IHN or *HA data for our ligand alignment procedure. i=1 ax &

While the pattern of experimentaHN shifts is in
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The Q-score was calculated for a collection of
2160 Trp probe orientations using experimentdh-

CS perturbationsACS(obs)) and calculatedHA-CS
perturbationsACS(calc)). A portion of this collection

is shown in Figure 3B. The Trp probe orientations (60
rotationsx 36 translations) were produced in GRASP
(Nichols et al., 1993) and written to a single pdb-file.
Each of the 2160 Trp probes was extracted and con-
catenated with the protein pdb-file to produce 2160
protein+probe pdb-files. Shell and awk scripts were
written to calculate differences in HA shifts between
the protein+probe pdb-files and a single reference pdb-
file where the probe has been moved 500 A so that it
would not produce anyHA-CS perturbations for the
protein. Awk scripts are used to scale and format a
GRASP history file that is used to display both the cal-
culated and experimental data in Figures 3D and 3A,
respectively. The size of the spheres is scaled relative
to the largest CS perturbation for the HA atoms, while
the sign of the perturbation determines the sphere
color. Finally, a shell script is used to calculate the Q-
score which is used to quantify the difference between
the experimental and calculated data (for example,
Figures 3A and 3D) for all Trp probe orientations.

In the expression for Q, normalizetiCS values
were used to emphasize the fit of a pattern of cal-
culated shifts to the pattern of observed shifts and to
reduce possible errors from, for example, having less
than 100% of the ligand bound. When summed over
all residues, Q-scores ranged from 2.1 (best fit) to
19.0, with a mean and average score of 7.7. Most Trp
orientations matched the experimental data poorly;
only 48 conformations~2%) produced scores less
than 3.0. The lowest scoring conformations are shown
in Figure 3C relative to the W-7 conformation; these
best Q-scores are10-15% lower than the scores of
the ‘next best’ conformations.

The pattern of calculatedHA-CS perturbations
from the ‘best fit' Trp probe, Figure 3D, agrees
well with the experimentally determined shift val-
ues, Figure 3A. The largest perturbations in the sim-
ulated data are for HA-Met145—0.24 ppm) and
HA-Phel41 £0.15 ppm); the radii of the remaining
atoms are linearly scaled. Only perturbations greater
than+0.07 ppm are shown. The final position of the
Trp probe was about 0.5 A from the position of the
naphthalene group of W-7 that was determined in the
solution structure from 37 intermolecular NOE re-
straints.

A

¥ =00

Figure 4. The sensitivity of the fit of calculated to experimental CS
perturbations (Q-score) is evaluated as a function of distance and
rotation angle for the ‘best fit' Trp probe conformation. Scose8

are very bad fits to the experimental data; only 2% conformations in
Figure 3B had Q scores 2-3. (A) The Trp probe is translatsdi

in 1 Aincrements along the x (black), y (red) and z (green) axes and
Q is calculated for each step; the protein position is kept constant.
Q is sensitive to x- and z-translations-eft1 A, and y-translations

of ~+0.25 A. (B) The Q-score is calculated at°lidcrements for

Trp probe rotations about the x (black), y (red) and z (green) axes.
The Q-score is sensitive to 15-26btations about x,y and, as ex-
pected, is not very sensitive to rotations that are perpendicular to the
Trp ring (z-rotations). As a consequence of the sensitivity of Q to
Xyz-translations and xy-rotations and its insensitivity to z-rotations,
most low scoring Trp conformations have the same location and
differ mostly by z-rotations.

The experimental pattern of positive and nega-
tive CS perturbations and the extent of perturbations
limit the number of probe orientations that can fit the
observed data. The sensitivity of the Trp probe to
translation and rotation is demonstrated in Figure 4. In
Figure 4A, the Q-score is plotted for x,y,z translations
of the Trp probe in 1 A increments. The starting point
(x,y,z= 0) is the lowest scoring Trp probe orientation
from Figures 3C and 3D. Figure 4B shows the depen-



dence of Q-score on rotations of the lowest scoring
Trp probe orientation. Figure 3 shows that CS calcu-
lations using a Trp probe can simulate W-7 binding.
Figures 3 and 4 show that a small collection of calcu-
lated conformations fit the experimental data. Figure 4
shows Q-scores can easily distinguish Trp probe con-
formations that differ from the ‘best’ conformations by
translations of more than 1-1.5 A or by x,y-rotations
of greater than-15°, but are relatively insensitive to
z-rotations. The Q-score is very sensitive to x- and y-
rotations due to the sign change of the chemical shift
as a function of these rotations. Small rotation angles
are used in Figure 4B to emphasize the sensitivity of
the Q-score to rotations. Also, the ring current is sym-
metric about the x-axis so that the resulting Q-score
at 50 is the same as at130°. The ring current is
not symmetric with respect to y- or z-rotations so that
4180 rotations will produce local minima. Note that
the naphthalene ring of W-7 is symmetric about all 3
axes and, consequently, T8fbtations will result in
conformations that are indistinguishable based solely
on ring current calculations. Some of these ambigu-
ities will be resolved when the probe is replaced by
the ligand. For example, when the naphthalene ring of
W-7 is aligned with the Trp probe, conformations of
the naphthalene ring that would place the aminohexyl-
sulfonamide into the protein surface can be excluded.

Methionine HE shifts detect structural rearrangement

If extensive side chain assignments are available,
chemical shift perturbations can be used to identify
subtle conformational changes that accompany lig-
and binding. A comparison of an X-ray structure
of C&*-CaM to the solution NMR structure of the
Ca+-CaM-W-7 complex suggests that ligand binding
to C&*-CaM is accomplished, in part, by confor-
mational changes in the methionine side chains (Os-
awa et al., 1998). To confirm this model, we have
performed calculations dHE Met-CS perturbations
with and without W-7. We assume that, if the methio-
nine side chains rearrange, then we will not be able

to reproduce the observed pattern of CS perturbations,

since only the ligand position moves in our simula-
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Figure 5. (A) Experimental IHE chemical shift perturbations
caused by W-7 binding to &-CaM are plotted as a function

of C&+-CaM residue number for nine methionine residues. (B)
CalculatedHE chemical shift perturbations from the Trp probe
interacting with C&*-CaM are plotted as a function of residue
number. The correspondence between the experimental and sim-
ulated CS data suggests that no change in methionine side chain
conformation is present in the W-7 binding to the C-terminal binding
site.

pletely by ring current effects from W-7. Considering
the possible inaccuracies due to using a Trp probe
or from insufficient NOE restraints in the Met side
chains, the simulations are in excellent agreement with
the experimental data. The experimental CS data for
W-7 binding to the N-terminal site do not fit well.
This result is consistent with the suggestion that ligand

tion. Figure 5 summarizes the comparison between the pinding is accompanied by conformational change in

observed and simulatétiE shifts. Unexpectedly, we
found that'HE-Met CS perturbations are consistent
with little, if any, side chain rearrangement upon W-
7 binding to the C-terminal ligand binding site; the
pattern of CS perturbations can be explained com-

the side chains of the N-terminal methionine residues.
This result would be in agreement with the work of

Osawa and co-workers who explain the diverse lig-
and recognition of CaM to be a result of side chain
rearrangements (Osawa et al., 1998).
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Discussion as imperfect parameterization in the calculations. If we
try to match the intensities, we would need to account
Our alignment protocol mimics experimental proton for the difference in the occupancies between exper-
CS perturbations using a simulation of the ligand bind- imental and simulated CS perturbation data. In the
ing to the protein. The conformation of the simulated calculated data there is 100% occupancy while experi-
ligand that most closely reproduces the experimen- mentally there is a dependence of the observed shift on
tal values is used as a model for the protein-ligand the occupancy of the binding site in the fast exchange
complex. From our experience, fitting patterns of CS limit. In our simulations with a single Phe or Trp
changes is important to obtaining a good alignment. probe,H perturbations are typically-0.1-0.3 ppm
Matching changes in the sign of shifts for nearby (100% occupancy) which agrees well with our exper-
residues (when possible) provides a sensitive restraintimental data. Such shifts are expected for aromatic
for ring orientation. Once an alignment is made using rings that bind on the surface of proteins through hy-
a probe residue, a model of the ligand is made and the drophobic interaction with protein side chains. Shifts
aromatic group(s) of the ligand can be superimposed from hydrogen bond formation can be much larger and
upon the probe. are typically, although not necessarily, downfield.

We have used the €&-CaM-W-7 pdb-file to In principle, any proton (or carbon) chemical shift
demonstrate the ligand alignment protocol. In this can be used with the protocol outlined above. We use
structure file, calmodulin amino acid side chains ac- data from backbone atoms to avoid complications that
commodate the W-7 ligand. If the results of the CS may arise due to side chain conformational changes
simulations place the Trp probe in the same location upon ligand binding. We use backbone proton CS
and orientation as the W-7 ligand (which they have) perturbations{HN, HA) because they can be easily
then there will be no van der Waals violations. In acquired and simulated with public domain software.
terms of building models of ligand binding to protein  Obviously, CS data fromHN protons is the most de-
surfaces, it will likely be easier to fit ligands using a sirable to use, but care must be exercised. For example,
ligand bound pdb-file. the correspondence of calculated with obseriedl

Note, however, that in our ligand alignment pro- shifts is low.'HN shifts are more difficult to simulate
tocol the probe position is determined only by the fit since they make electrostatic contacts and form hy-
of THA CS perturbation data (calculated vs. experi- drogen bonds whereas aliphatic protons do not. While
mental). Side chain coordinates cannot influence the they may be more difficult to obtain, the correspon-
fit of the probe. Once the probe is replaced by the lig- dence between calculated and obserVeid shifts
and it can be energy minimized relative to the protein, is good. Furthermore, it has been suggested that the
using the position determined from the alignment as chemical shift dispersion of aliphatic protons in pro-
a restraint. No energy minimization was used in the teins is ‘nearly entirely’ due to ring current effects
C&t-CaM-W-7 alignment; only CS data was used (Wiithrich, 1986). We can conclude that the primary
to determine the probe/ligand position. In our expe- source of CS perturbation of aliphatic protons will also
rience (with ligand-bound X-ray and NMR structures) be due to ring current effects. Fitting CS perturbation
our ligand alignment protocol does not produce struc- data for aliphatic protons should therefore be more
tures with van der Waals violations. We anticipate that accurate since many of the assumptions that we have
the+1 A, £20° accuracy of our method would allow made in our protocol are violated less often.
for ligand placement that would simultaneously sat-
isfy CS perturbation data, NOE restraints and van der Limitations in the experimental data
Waals forces. If the probe orientation that best matches
the experimental data results in large vdW violations Perturbation data may contain too few or too many
then one would suspect that the data is not sufficient Peaks to be fit. We typically try to fit three or more
to define the probe location or that the assumption that €xperimental perturbations in each model. We do not
no protein conformational change is induced by ligand recommend the use of this procedure to fit 1 or 2 data
binding is a bad assumption. points — there are too many conformations that can

In f|tt|ng our data, we emphasize the importance of fit the data. At the other extreme, peakS all thrOUgh-
fitting the observed pattern of CS perturbations; we do Out the structure may be perturbed. These may be
not try to match the intensities of the calculated and 2 result of large scale conformational changes in the
the experimental shifts. This reduces difficulties such Protein or due to non-specific interactions. If non-



197

specific interactions are suspected, a lower ligand-to- Other sources of CS perturbation
protein ratio can be used to collect the experimental
CS perturbation data. We typically assume that all perturbations are due
Our ligand alignment protocol can tolerate small to aromatic ring currents since these are the largest
local conformational changes but is inappropriate if 9enerators of CS perturbation and their simulation
there is significant protein reorganization (Foster et al., is straightforward. One must consider that hydrogen
1998). Our protocol was developed for use with small, bond formation (or breaking) can occur in addition to
Weak]y interacting |igand3 (li_M aff|n|ty) that, in the ring current shifts. Often, hydrogen bond forma-
our experience, do not cause protein conformational tion is characterized by downfielHN shifts. While
changes. We can try to distinguish specific from non- downfield shifts can be due to increasing hydrogen
specific interactions by simultaneously fittirfgdN bond character, they can also result from ring current
and*HA shifts. While*HN shifts may be more plenti-  Or electrostatic effects. If a water, hydrogen bonded
ful and easier to detectHA shifts are less affected by ~ t0 @ backbone amide of the protein, is displaced by a
hydrogen bond formation and their simulation is more ligand that also forms a hydrogen bond to the same
accurate. amide proton it is unclear how this would affect the
Even if we have a sufficient number of points to chemical shift of the amide proton. We can attempt
use in our alignment procedure, the models can still be to distinguish CS perturbations caused by hydrogen
ambiguous. This is especially true if only ring current Ponding from those caused by ring currents by collect-
calculations are performed; only the ring placement ing and fitting CS data for other protein nuclei (e.g.
and orientation affect the shift. It is therefore impor- buried HNs or HA protons) that are not involved in
tant that, in addition to simulations, we try to correlate hydrogen bonding and are not susceptible to chemical
patterns of CS changes with structural differences in €xchange. Combinations of rings with hydrogen bond
closely related analogs. This procedure can eliminate acceptors can lead to further complication in interpret-
ambiguities such as identifying the interaction sites ing shift patterns. Improvements in SHIFTS and other
of Specific rings in Compounds with mu|t|p|e rings or Pprograms will allow us to include interactions other
it can be used to identify specific atoms involved in than ring current in our calculations. Until the pro-
hydrogen bond formation. grams are improved, we use conservative models, fit
It is important to suspect that, due to imperfect @s many points as possible and rely on SAR to verify
assumptions and incomplete models, it may not be perturbations that cannot be modeled using aromatic
possible to simulate and fit all of the shift data. Some fing currents.
difficulties may arise if the chosen probe does notac- ~ While some or all of the limitations discussed in
curately mimic the ligand. Dynamics will also make this section may exist to some extent, we experimen-
model building less accurate. For example, the ligand tally observe that ligands to calmodulin interact in a
might interact dynamically with the protein surface; sequence specific manner that produces large chemi-
perhaps there is movement of protein side chains in cal shift Changes. To decode the structural content of
response to the binding of the ligand. Ligands that these shifts, we fit as many of the perturbed HA pro-
interact with surface exposed aromatic groups can be tons as pOSSible. Validation of our f|tt|ng procedure on
difficult to model since it may not be straightforward the calmodulin-W-7 model system suggests that this
to distinguish between the movement of surface aro- Procedure can produce an accurate model of ligand
matic groups and the ring current of aromatic group(s) alignment.
from the ligand. To characterize possible conforma-
tional changes in the protein we can simulate the ex- _
pected shifts from several conformations. We observe Conclusions
that buried protons are mostly affected by conforma-
tional changes of aromatic side chains that belong to The work presented here establishes a protocol for
the protein — strong shifts for these residues (with the the use of proton chemical shifts for alignment of
correct pattern of signs) would likely be correlated molecules where the interaction interface does not
with motion of such side chains. show many intermolecular NOEs. Our applications
have been to model the weak ligand binding in the
Ca*t-CaM-W-7 complex. The current protocol cal-
culates expected proton shifts and matches these to
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observed shifts. Only the contribution of ring current
to the chemical shift changes upon ligand binding is

used. We also assume that there is little conformational

change upon ligand binding. The protocol we describe
is most appropriate for the study of weakly interact-

ing complexes since we expect that electrostatic and

anisotropic contributions to the chemical shift changes
will be more significant in tighter binding ligands
and/or for ligands that form many hydrogen bonds.
Future extensions of this work will include the use of
chemical shifts fromtHN, 1°N and*3C nuclei, inclu-
sion of electrostatic and anisotropic contributions to
our CS simulations. We anticipate that ligand-induced

chemical shift perturbations can be used as restraints

in structure calculations and can be energy minimized
with NOEs, van der Waals and electrostatics to give
more accurate protein/ligand structures. Differential
chemical shifts of close analogs (Medek et al., 2000)
can also be used together with our alignment protocol
to give accurate models of protein/ligand complexes.
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