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Abstract The fragment-based drug design approach con-
sists of screening libraries of fragment-like ligands, to
identify hits that typically bind the protein target with weak
affinity (100 uM-5 mM). The determination of the protein—
fragment complex 3D structure constitutes a crucial step for
uncovering the key interactions responsible for the protein—
ligand recognition, and for growing the initial fragment into
potent active compounds. The vast majority of fragments are
aromatic compounds that induce chemical shift perturba-
tions (CSP) on protein NMR spectra. These experimental
CSPs can be quantitatively used to guide the ligand docking,
through the comparison between experimental CSPs and
CSP back-calculation based on the ring current effect. Here
we implemented the CSP back-calculation into the scoring
function of the program PLANTS. We compare the results
obtained with CSPs measured either on amide or aliphatic
protons of the human peroxiredoxin 5. We show that the
different kinds of protons lead to different results for
resolving the 3D structures of protein—fragment complexes,
with the best results obtained with the H, protons.
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Introduction

Fragment-based drug design (FBDD) allows screening
larger parts of chemical space with smaller compound
libraries than traditional high throughput screening (HTS)
of drug- or lead-like compounds (Harner et al. 2013; Kuo
2011). This has lead FBBD to become an accepted alter-
native to other lead discovery techniques (Harner et al.
2013; Kuo 2011). However, fragments also lead to new
challenges and difficulties especially for the hit verification
and the determination of the protein—fragment complex 3D
structure. Fragment-like molecules are by definition smal-
ler and possess less possibilities to form directed interac-
tions with the target protein, e.g. by hydrogen bonds.
Combined with the aromatic character of the fragments
core, these properties lead to the main difficulties in FBDD,
namely the weak affinity and a relatively high rate of
binding through unspecific interactions like hydrophobic
contacts (Bissantz et al. 2010). X-ray crystallography is the
method of choice to solve the complex 3D structure but
here the low affinity of fragments, which necessitates high
compound solubility to ensure a sufficient ligand occu-
pancy, can lead to unsuccessful crystallisation assays
(Caliandro et al. 2013).

On early stages of FBDD projects, during the hit
identification phase, an idea of the fragment binding
modes is particularly helpful, especially to discriminate
between binding mostly through hydrophobic contacts or
through directed interactions. NMR methods like SAR by
NMR (Shuker et al. 1996) or sparse NOE (Shah et al.
2012) approaches have been developed especially for
cases where X-ray crystallography fails. The SAR by
NMR approach utilises chemical shift perturbations
(CSPs) that occur in the protein’s NMR spectra upon
ligand binding to identify two ligands that bind two
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different adjacent pockets on the protein surface (Shuker
et al. 1996). This method has been further developed
using different approaches in data analysis for the com-
parison of the binding modes of a series of analogous
ligands (Medek et al. 2000; Riedinger et al. 2008). CSPs
have been also used quantitatively in combination with
computational methods. These computational methods,
especially molecular docking approaches, offer possibly
the fastest way to solve the binding mode of a small
molecule in complex with a target protein. However,
being predictions, based on mostly empirical models,
docking results still need experimental verification. CSPs
have been shown to be able to find the ligand orientation
in the protein binding site (McCoy and Wyss 2000) and
to refine docking results (Cioffi et al. 2008; Stark and
Powers 2008; Cioffi et al. 2009). The experimental data
can also be included directly into the docking process to
give docking results with experimental confidence (Do-
minguez et al. 2003; Schieborr et al. 2005; Gonzalez-Ruiz
and Gohlke 2009; Korb et al. 2010).

We have recently shown that we could predict the
binding modes of a series of analogous fragments bound to
the human peroxiredoxin 5 (PRDXS5) by a combination of
docking and rescoring with back-calculated CSPs from
amide protons (Aguirre et al. 2014). We consider that the
aromatic rings of fragments represent valuable probes for
the calculation of fragment-induced CSPs based on the ring
current effect of aromatic rings. Amide protons are typi-
cally the nuclei of choice for CSP-based docking approa-
ches because of the easier assignment of the "’N-'H HSQC
spectrum as compared to the '*C—'H HSQC spectrum.
However, our results also showed that the CSPs from
amide protons contained additional influences from
hydrogen bonding and conformational changes that were
not included in the back-calculation due to the lack of
appropriate models (Gonzilez-Ruiz and Gohlke 2009;
Williamson 2013; Aguirre et al. 2013). CSPs measured for
aliphatic protons can offer an alternative as they do not
form hydrogen bonds and they are often located closer to
the ligand than the backbone amide protons. Here, we
investigate whether the additional experimental work and
additional NMR measurements needed for the assignment
of the aliphatic protons would be justified because they
result in more accurate binding mode predictions. As a test
example we use the PRDXS protein target with a series of
three fragments, to compare the amide proton CSP-derived
binding modes with the aliphatic CSP-derived ones.
Additionally we exchanged the rescoring approach by a
more sophisticated guided docking approach where the
CSP back-calculation is directly implemented in the scor-
ing function of the PLANTS program (Korb et al. 2007,
2009).
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Materials and methods
Protein production and purification

Protein production and purification was performed at the
Platform of IBCP-Lyon “Bioengineering of proteins”.
Human peroxiredoxin 5 (PRDXS5) was expressed as a
6 xHis-tagged protein in Escherichia coli strain M15 using
the pQE-30 expression vector. Cells were grown at 37 °C
in M9 minimal medium supplemented with thiamine and

containing "NH,Cl as the sole nitrogen source and [13C6}—
D-glucose as the sole carbon source to produce uniformly

N/ BC-labelled protein. Expression was induced with
isopropyl f-D-1-thiogalactopyranoside for 4 h. Cells were
then lysed in 10 mM imidazole, 50 mM sodium phosphate,
300 mM NaCl (pH = 8) supplemented with lysozyme and
DNase by sonification and clarified by centrifugation. The
6xHis-tagged protein contained in the supernatant was
purified using a Nij -affinity chromatography. The protein
was eluted with 400 mM imidazole, 50 mM sodium
phosphate and 300 mM NaCl (pH = 7.4). Eluted protein
was then dialysed (10 kDa cutoff) against PBS buffer (pH
= 7.4, NaCl 137 mM, KCI 2.8 mM, Na,HPO, 10 mM,

Resonance assignment

Spectra were acquired with a Varian Inova 600 MHz
spectrometer, equipped with a standard 5 mm triple res-
onance inverse probe with a z-axis field gradient and with a
Bruker 950 MHz TGIR spectrometer, equipped with cryo
TCI, 5 mm probe with a z-axis field gradient.

The PRDX5 'SN-HSQC spectrum has been assigned as
previously published (Barelier et al. 2010) using NMR samples
that contained 500 pM of uniformly SN /"*C /50 %2H labelled
reduced PRDXS5 and 5 mM DTT (Dithiothreitol). 3D HNCA,
HN(CO)CA, HNCACB and CACB(CO)NH experiments were
recorded at 28 °C on a Varian Inova 600 MHz NMR spec-
trometer. 94 % of the amide resonances could be assigned.

The PRDX5 '*C-HSQC spectrum has been assigned
using NMR samples that contained 500 uM of uni-
formly 'SN/"C labelled reduced PRDX5 with 5 mM
DTT. 'H,,-'3C,, resonances (where m denotes methyl)
were assigned using (H)CC,,H,,-TOCSY and H(C)C,H,,-
TOCSY experiments (Yang et al. 2004; Permi et al. 2004;
Wiirtz et al. 2006) on a Varian Inova 600 MHz NMR
spectrometer. The 3D (H)CC,,H,,-TOCSY data set con-
sisting of 110 x 50 x 1,024 complex points with spectral
widths of 80, 40 and 8 ppm in F1, F2 and F3 dimensions
was acquired using eight scans. The 3D H(C)C,H,-
TOCSY data set consisting of 256 x 40 x 1,024 complex
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points with spectral widths of 9, 25 and 9 ppm in F1, F2
and F3 dimensions was acquired using eight scans. Other
'H-13C resonances were assigned using classical (H)CCH-
TOCSY and H(C)CH-TOCSY experiments recorded on a
Bruker 950 MHz NMR spectrometer. The 3D (H)CCH-
TOCSY data set consisting of 65 x 65 x 1,024 complex
points with spectral widths of 75, 75 and 14 ppm in F1, F2
and F3 dimensions was acquired using eight scans. The 3D
H(C)CH-TOCSY data set consisting of 65 x 65 x 1,024
complex points with spectral widths of 75, 12 and 14 ppm
in F1, F2 and F3 dimensions was acquired using eight
scans. The assignment was checked using '"N-NOESY-
HSQC with a mixing-time of 150 ms recorded on a Varian
Inova 600 MHz NMR spectrometer.

All NMR spectra were processed using NMRPipe
(Delaglio et al. 1995) and analysed using NMRView
(Johnson and Blevins 1994) and Sparky (Goddard and
Kneller 2004).

CSP measurements

Chemical shift perturbations were measured using 'N-
HSQC and *C-HSQC spectra recorded on a Varian Inova
600 MHz and a Bruker 950 MHz NMR spectrometer,
respectively. NMR samples contained 500 uM uniformly
15N/ 13C labelled protein, 5 mM DTT, and ligand concen-
tration varied from 0 to 5 mM. 2D PN-HSQC and '3C-
HSQC spectra were acquired at 28 °C, using 64 and 128t
increments, respectively. A control 1D 'H spectrum was
recorded prior to each HSQC experiment to assess the
purity and stability of the fragments. Solutions at maximal
fragment concentration were checked for alteration of the
sample pH to prevent confounding sources of CSP. All
NMR spectra were processed using NMRPipe (Delaglio
et al. 1995) and analysed using NMRView (Johnson and
Blevins 1994) and Sparky (Goddard and Kneller 2004).
For a given 'SN-HSQC or '3C-HSQC cross peak, the
proton CSPs (CSPy) induced by fragment-binding were
defined as the difference between the corresponding
chemical shifts in the bound (6}2, ) and the free (5}1)

free
states:
CSPy = 5}110Hund - 5}}”[;16 (1)
Docking

All dockings were conducted with PLANTS (Korb et al.
2007, 2009) with the search algorithm in standard settings.
The binding site included all residues exhibiting CSPs
larger than 0.02 ppm. The ChemPLP scoring function
(fscore) (Korb et al. 2009) was used along the CSP scoring
term. For scoring the agreement between the experimental
CSPs and the simulated CSPs, a term of the form

fesp = —wP (2)

was used. Here, P is the Pearson correlation coefficient
calculated between the simulated and experimental values
and w is a weighing factor to generate scores in the range
of the ChemPLP values for the docked poses. The minus
sign is needed because the ChemPLP assigns negative
value to favourable ligand poses. A weighting factor of 100
was chosen for all dockings. This leads to fcsp values
between —100 for very good poses and 100 for poses with
extremely bad agreement between the simulated and
experimental CSPs. The ChemPLP scores for docking of
the fragments without CSP ranged from —53 scoring units
(fragment 1) to —73 scoring units (fragment 2). A
weighting factor of 100 therefore ensures enough contri-
bution of the CSP scoring while the ChemPLP still has
influence on the substituent placement and directed inter-
actions like hydrogen bonds. When CSP values were dif-
ferent for the two CH; of a valine or a leucine, the
ambiguous CSPs were tested in the CSP-guided docking.
Here we have generated 10 positions for each ligand. In all
dockings the cluster RMSD of PLANTS (Korb et al. 2007)
was set to 0.5 A.

CSP simulation

The CSP simulation uses as only contribution the ring
current effect of the aromatic rings in the ligand. For the
implementation in PLANTS the point-dipole model pro-
posed by Pople (Pople 1956, 1958) was chosen:
- 1 — 3cos?(0)

Ore = 1 3

(3)
;

Here, i is a ring-specific intensity factor (e.g. 1.00 for
benzene type ring), B is a factor for the target nuclei
(3.042 x 1075 A3 for protons), r is the distance between
the ring center of the ligand and the protein’s proton and 6
is the angle between the average ring normal and the vector
from the ring center to the proton. The electric field effect
(Hunter and Packer 1999) was tested but was negligeable
in our case, so only the ring current effect was used.

Results

In a previous study, we have shown that the fragments 1 (4-
methylcatechol), 2 (4-tert-butyl-catechol) and 3 (1-1'-
biphenyl-3,4-diol) bind to the PRDX5 with a common
binding mode (Aguirre et al. 2014), with the aromatic ring
and the hydroxyl functions superimposed in the binding
pocket of the protein. We have also reported the X-ray
structures (Pdb codes 4K7N, 4K70 and 4MMM for the
complexes formed between the PRDXS5 and fragments 1, 2
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and 3, respectively) as well as the affinities of the com-
plexes (Kp = 330 +40puM, Kp = 50 + 20 uM and Kp =
150 4 20 uM for fragments 1, 2 and 3, respectively). In this
previous study, the binding modes of the fragments were
investigated by filtering virtual fragment positions obtained
by docking with AutoDock4 (Morris et al. 2009) according
to their agreement between simulated and experimental
amide proton CSPs. The CSPs alone were not able to
identify a unique binding mode, while the combination of
CSPs and STD data with docking generated a unique
protein—fragment structure for the three fragments. The
results obtained with the NMR data were in good agree-
ment with the X-ray structures obtained by soaking or co-
crystallisation. Nevertheless, we noticed that the aromatic
rings of the ligands were tilted as compared to the X-ray
structures, in particular for small fragments (fragment 1 for
example). Such deviations from the experimental structure
could likely be related to the influence of additional con-
tributions in the experimental CSPs, such as subtle protein
rearrangement and perturbation of the hydrogen bond
network. Such contributions are not included in the cal-
culation (Osapay and Case 1991; Wishart and Case 2001;
Parker et al. 2006; Moon and Case 2007; Gonzalez-Ruiz
and Gohlke 2009). Here, we compare the results obtained
with either amide (HN) or aliphatic proton (He, Hf, Hy, ...)
CSPs. McCoy and Wyss showed that CSPs of Ha protons
could be used, but no comparison with amide protons were
reported. They used amino acids to probe the influence of
the ligands on the protein chemical shifts, using the
SHIFTS program for CSP calculation. In addition, they
used CSPs as a filter to select the best docked positions
(McCoy and Wyss 2000). Here, we directly introduced the
CSPs into the docking process of PLANTS (Korb et al.
2009). Our main intention is to compare the results
obtained with amide proton CSPs and aliphatic proton
CSPs and discuss their performances toward the determi-
nation of protein-ligand complex structures.

Experimental CSP

CSPs were measured on '"N-HSQC and '3*C-HSQC spectra
of the free and the fragment-bound protein. Amide proton
CSPs have been previously reported and discussed in details
(Aguirre et al. 2014). An extract of the '3C-HSQC spectra of
the free protein and the protein bound to the fragments 1 to 3
is presented in Fig. 1. The maximum absolute CSP values
measured for amide protons reached 0.08,0.15and 0.16 ppm
for fragments 1, 2 and 3 respectively, while the maximum
absolute CSP values measured for aliphatic protons reached
0.63, 0.71 and 0.70 ppm for the same fragments. We
observed 6, 11 and 17 strong CSPs (|CSP| > 0.1 ppm) as
well as 6, 6 and 9 medium CSPs (0.05 < |CSP| <0.1 ppm)
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for fragments 1, 2 and 3, respectively. Additionally, 10, 16
and 28 weak CSPs (0.02<|CSP|<0.05ppm) were
observed on the 3C-HSQC spectra for the three fragments.

"HN resonance assignment has been previously published
(Barelier et al. 2010). For the assignement of aliphatic pro-
tons, we used the H(C)C,, H,,-TOCSY, (H)CC,,H,,-TOCSY,
H(C)CH-TOCSY and (H)CCH-TOCSY experiments, as
well as the HNCA, HN(CO)CA, HNCACB and CBCA
(CO)NH experiments. Methyl-containing residue reso-
nances were assigned through the HCC,H,-TOCSY
experiment (Yang et al. 2004) (where m denotes methyl
groups that are selected for observation) using uniformly
labelled protein U-[°N/"*C] (Fig. 2). The '*C-HSQC reso-
nances were assigned using the (H)CC,,H,,-TOCSY exper-
iment with the previously assigned Co and Cf resonances
(Fig. 2a). Side chain protons were assigned using the
H(C)C,,H,,- TOCSY experiment (Fig. 2b). For the other
non-methyl containing residues (Phe, Glu, ...), the 'H and
13C edited HCCH-TOCSY experiments were used.

We assigned 100 % of the resonances displaying strong
CSPs (larger than 0.1 ppm) upon ligand addition. 100 % of
the resonances displaying medium CSPs
(0.05 <|CSP| <0.1 ppm) could be assigned in the cases of
fragments 1 and 2, but only 4 out the 9 medium CSPs could be
assigned for fragment 3. For the weak CSPs
(0.02 <|CSP| <0.05 ppm), we assigned 6 out of 10 (frag-
ment 1), 9 out of 16 (fragment 2) and 7 out of 28 (fragment 3)
resonances. The repartition of the measured CSPs for the
amide protons HN and aliphatic protons H,; are displayed in
Fig. 3. As previously observed by Gonzalez-Ruiz and Go-
hlke in 2009 (Gonzalez-Ruiz and Gohlke 2009), in the case
of sparse experimental CSP data, it is the distribution of the
CSPs rather than the amount of data that determine the
success of the method. If the CSPs are uniformly distributed
around the binding site, as it is the case for the PRDXS
assigned protons (Fig. 3), they offer better restraints for the
ring orientation than CSPs distributed unevenly in the
binding site (Gonzédlez-Ruiz and Gohlke 2009). Figure 3
also shows the difference of the proximity of the protein
aliphatic protons to the ligand as compared to the protein
amide protons. Due to this proximity, aliphatic protons are
more perturbed by the ring current induced by the fragment-
binding and the resulting experimental CSPs are more
intense than those of the amide protons.

CSP-guided docking

By contrast with our previous approach where the ligand
positions provided by the docking program were sorted
according to their agreement between experimental and
simulated CSPs, here the CSPs are included into the
docking process. With this approach, the results do not
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Fig. 1 Superimposition of '3C-
HSQC spectra of the free 101 @
protein PRDXS (black) and the
protein bound to the fragments 1
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Fig. 2 Representative F1-F3 slices from (H)CC,, H,,-TOCSY (a) and H(C)C, H,,-TOCSY (b) spectra of the PRDXS5 protein. Two identical
slices are observed in the case of two methyl-containing residues (Ile, Val, Leu)

depend on the starting positions generated by the docking
program, and it is more likely that the generated fragment
positions are in agreement with the CSP data (Fig. 4).
Here, we used the PLANTS program (Korb et al. 2009),
which was modified to integrate the simulation and the

comparison to the experimental values. This new procedure
requires a weighting between the normal scoring function
(fscore) and the CSP part of the scoring function (fcsp). The
CSP scoring function fsp is based on a Pearson correlation
coefficient which ranges from —1 (perfect negative
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Fig. 3 Distribution of assigned
protons on the 3D protein
PRDXS structure. Aliphatic
protons are displayed in red
with larger sphere radius for
methyl protons (3 protons for
one sphere) (a), whereas amide
protons are displayed as blue
spheres (b). Only protons that
are less than 10 A away from
the fragment aromatic ring
center (X-ray structure 4K70
with the fragment 2 in green is
represented) and with NMR
signal that are not overlapping
on the protein HSQC spectra,
are displayed

CSP post-filtering -
Docking CSP simulation
Protein and ligand Set of Pos?s'for Po§es in aqreement
structures » CSP n »| with exp tal
(200 poses) CSPs
\ v
Physical impossible poses Poses not in agreement
e.g. claches with experimental CSPs

B
CSP-guided docking

Docking with CSP simulation

Low energy poses in
it with
experimental CSPs

Protein and ligand
structures

Y

Y

All poses not in agreement with
experimental CSPs or docking scoring function

Fig. 4 Comparison scheme of the CSP post-filtering and the CSP-
guided docking approach. a In the CSP post-filtering, a docking
program is used to pre-generate poses that are then rescored by the
simulated CSPs. To improve the coverage of poses for the filtering,
more poses (200-1,000) than in a normal docking are generated. The
final pose selection only includes the CSPs and high energy poses can
be selected. b In the CSP-guided docking approach, the poses (10-20
poses) are simultaneously optimised for docking score and CSP
agreement, which leads in an ideal case only to low energy poses that
are in agreement with the experimental CSPs

correlation) over O (no correlation) to 1 (perfect correla-
tion). A weighting factor of 100 was chosen to ensure a
similar range for the CSP and the normal scoring function
part. This weighting leads to a scoring contribution of
about 50 % from the CSP part (see “Materials and meth-
ods” section). Here, we want to compare the results
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obtained with this CSP-guided docking from different kind
of protons (Ha, H,,, HN,...).

Figure 5 shows the fragment positions generated with
the CSP-guided docking, using CSPs measured for differ-
ent kind of protons. We can compare the results obtained
with amide protons HN and aliphatic protons H,; (Fig. Sa,
b). It is clear from the figure that the positions provided by
the NMR-guided docking are closer to the X-ray structures
when using H,;; CSPs than HN CSPs for the three ligands.
This is also shown by the RMSD values of the 10 best
poses that range in the case of amide protons from 0.7 to
1.6 A for fragment 1, from 1.8 to 2.2 A for fragment 2 and
from 1.0 to 1.6 A for fragment 3, whereas in the case of
aliphatic protons the RMSD range from 0.3 to 1.3 A, from
0.6 to 1.5 A and from 0.4 to 1.4 A for the fragments 1, 2
and 3, respectively (Fig. 6). This is very likely related to
the fact that HN protons are more sensitive to changes in
the protein environment (secondary structure, hydrogen
bonds, ...) than the aliphatic protons (Wishart 2011). It
appears that amide proton CSPs contain, in addition to the
ring current effect, supplementary effects that lead to a
CSP-guided docking bias, and that it is in general more
appropriate to use CSPs measured on aliphatic protons to
determine the ligand binding mode on a target protein.

To go further into the CSP analysis of aliphatic protons,
we focused on the methyl protons H,, that represent probes
closer to the ligand and that can be easily assigned thanks
to the HCC,,,H,,-TOCSY experiment. The virtual positions
of the fragment obtained with the CSPs of H,, protons are
closer to the X-ray structures than those obtained with the
CSPs of amide protons (Fig. 5c). Nevertheless, if only the
Ho are used for the CSP-guided docking, better results are
obtained (Fig. 5d). Ha CSPs are less influenced by a
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A HNprotons B Hai protons

Fig. 5 Virtual fragment positions obtained from the CSP-guided
docking. The X-ray structure (green) is compared to the 10 best
positions generated by the CSP-guided docking with PLANTS
(purple). Results are given for the fragments 1 to 3 (from top to
bottom). CSP were measured for (a) amide protons (HN), (b) aliphatic

possible rearrangement of protein side chains, by com-
parison with the other aliphatic protons. These results
highlight the potency of the Ho CSPs to determine the
binding mode of fragments on the PRDXS protein. The
average RMSD values over the 10 first positions are 0.45
A for fragment 1, 0.75 A for fragment 2 and 0.79 A for
fragment 3 in the case of Ha protons; 0.94, 0.93 and 0.78
A for methyl protons although they are 0.66, 1.20 and 0.79
A for all aliphatic protons and 1.36, 1.98 and 1.27 A for
amide protons (Fig. 6).

Discussion

In this study, we used ligand-induced CSPs to guide the
docking of fragment-like compounds into the protein 3D
structure. NMR should play an important role in FBDD,
since X-ray crystallography can fail due to the weak affinity
of the ligands and the high compound solubility required. All
the reports that used the comparison between calculated and
experimental ligand-induced CSPs to determine the protein—
ligand 3D structure are based on the backbone chemical
shifts and only one of them used CSPs from Ho (Wyss et al.
2004; Gorczynski et al. 2007; Cioffi et al. 2008, 2009;
Gonzalez-Ruiz and Gohlke 2009). Here, we used not only the
amide and the Ho CSPs, but also the CSPs from the protein
side chain protons (Hf, Hy, H,, ...) to compare and

- C Hmprotons

D Ha protons

E H bond effect

rA 1uew621 4 1 uawbel4

¢ Juswbely

protons (Hg;), (¢) methyl protons (H,,) and (d) « protons (Ho).
(e) Results obtained using HN CSPs by removing values for amide
protons involved in hydrogen bonds (residues G46 and C47) from the
set of CSPs

evaluate the different results. In addition, we have imple-
mented the CSP scoring into the docking program PLANTS.

As illustrated in Fig. 5, the results of the CSP-guided
docking depend on the kind of protons used. Nevertheless,
the approach generates fragment positions close to the
X-ray structures for all kind of protons.

Empirical models for hydrogen bond effects have
already been used for the calculation of protein chemical
shifts (Neal et al. 2003; Shen and Bax 2007; Nielsen et al.
2012). However, the prediction of the influence of an
hydrogen bond formed between a protein and a ligand is
much more complicated (Osapay and Case 1991; Wishart
and Case 2001; Parker et al. 2006; Moon and Case 2007;
Gonzalez-Ruiz and Gohlke 2009). The main problem is
that the ligand binding can displace solvent molecules and
therefore the exact change in the hydrogen bond network is
difficult to predict. Nevertheless, as hydrogen bonds typi-
cally affect few protons from the total number of protein
protons affected by the ligand interaction, Gonzalez-Ruiz
and Gohlke suggested to remove experimental CSPs for the
amide protons involved in hydrogen bonds, in order to
improve the CSP-guided docking results (Gonzalez-Ruiz
and Gohlke 2009). For the PRDX5 complexes, we have
identified the residues involved in hydrogen bonds with the
ligands using the Ligplot+ software (Laskowski and
Swindells 2011) and the X-ray structures (4K7N, 4K70
and 4AMMM). Both the amide protons of residues G46 and
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Fig. 6 RMSD values for fragment positions generated by the CSP-
guided docking to the X-ray structure. Values are given only for the
10 best scored positions of the fragments 1 to 3 (from fop to bottom)

C47 are involved in hydrogen bond with the fragments. To
check if hydrogen bonds could be responsible for the bias
observed between the ligand positions generated by the
CSP-guided docking and the X-ray structures, the CSPs of
G46 and C47 were removed from the docking process. As
illustrated in Fig. 5e, no noteworthy improvements are
observed for fragments 1 and 2 (compared to Fig. 5a),
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while a small improvement is observed in the case of
fragment 3. In our case, the hydrogen bonds involve amide
protons that are very close to the aromatic ring of the
ligands. Therefore, the ring current effect is large for both
protons, and compensates the hydrogen bond effect. As a
consequence, the experimental CSPs observed for both
residues are rather weak when compared to the calculated
CSP values. This likely explains why removing the CSPs
for those residues have not a significant influence. By
contrast, when hydrogen bonds concern residues for which
the ring current contribution is weak, the observed CSPs
can be very large (due to the hydrogen bond effect) and
removing the data will have a significant impact in this
case. As previously proposed, HN protons involved in
hydrogen bonds should be removed from the set of
experimental data, when they exhibit a large experimental
CSP that is not correlated with the ring current effect back-
calculated using the ligand virtual positions (Gonzalez-
Ruiz and Gohlke 2009).

From the experimental point of view, protein backbone
resonance assignment is easily achievable compared to the
side chain resonance assignment. In addition, the amount
of correlation peaks is larger for protein *C-HSQC spectra
than for "Y'N-HSQC spectra with more overlapped peaks
difficult to assign. However, methyl protons signals can be
easily observed using HCC,H,-TOCSY experiment
recorded for uniformly labelled protein (U-["N —'3 C)),
which reduces significantly the '3*C-HSQC spectrum com-
plexity. Some ambiguities still appear in the case of the
methyl groups of valine and leucine residues (see Fig. 2).
Stereospecific assignment of the CHj3 pro-R and pro-S
groups is usually obtained using fractionally '*C labelled
proteins (Neri et al. 1989). Protein growing on minimal
media containing 10 % [*C4]-glucose results in a doublet
for the '3C resonance of the pro-R (y' in Val and 6! in Leu)
and a singlet for the '3C resonance pro-S (% in Val and &>
in Leu). More recently, a new labelling procedure was
proposed for which only methyl groups for pro-S in valine
and leucine are protonated using acetolactate 2S []H7 13(
in expression media (Gans et al. 2010; Plevin et al. 2011).
Nevertheless, when the assignment ambiguities are not
resolved, and if the CSPs are different for the two groups,
the approach can be tested while taking into account these
ambiguities. When stereospecific assignment is not man-
datory, using CSPs from methyl groups represents a quick
and easy way to generate protein—-ligand complexes for
fragments, even with large proteins > 30kDa (as it is the
case for the PRDXS, 36 kDa).

Chemical shifts of protons from protein side chains are
mainly affected by the ring current effect from the aromatic
ligand and weakly by the hydrogen bonds. By contrast,
they are very sensitive to protein conformational
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rearrangement upon ligand interaction. While CSPs mea-
sured for side chain protons are very sensitive to the ligand-
induced electronic environment (they are closer to the
ligand than amide protons), their use can be problematic in
case of protein structural rearrangement. Even a very subtle
rearrangement of a side chain upon fragment binding can
have a significant impact for the CSP calculation and
prevent the determination of the correct binding mode.
These rearrangements are difficult to model and anticipate.
Similar issues appear if the protein structure used for the
CSP calculation is different from the protein structure in
solution. This could explain why, among the aliphatic
protons, Ho appear as the best probes, even if the measured
CSPs are weak and if only a small set of protons display
significant CSPs. These Ho protons are not sensitive to side
chain rearrangement, and not involved in hydrogen bonds
with the ligands. They are nevertheless sensitive to back-
bone conformational change, but this rearrangement is less
likely observed with weak affinity ligands.

As we have mentioned, not all the aliphatic proton
resonances for which CSPs have been observed could be
assigned. As shown in Fig. 5b, the results obtained using
these experimental data are clearly sufficient to obtain
complex structures close to the X-ray structures. Moreover,
the CSP-guided docking based on the Hu protons (4, 5 and
7 CSPs for fragments 1, 2 and 3) or the H,, protons (6, 7
and 12 CSPs) generated highly satisfactory results, dem-
onstrating that few experimental CSPs can lead to the
determination of the protein—fragment complex structure.
We have also tested if removing all the weak CSPs
(0.02<|CSP| <0.05ppm) would have an impact on the
results. For fragments 2 and 3, no influence are noticed, and
the RMSD of the 10 best positions are similar to those
obtained when using the full set of experimental CSPs. For
fragment 1 that displays in overall weak CSPs, the results
are slightly different and the results are in better agreement
with the X-ray structure when all CSPs are included in the
process. In overall, these results show that a complete
assignment of aliphatic protons is not necessary for the
CSP-guided docking approach.

In conclusion, in the test case reported here, the CSPs
measured on Ha protons lead to the best results for the
determination of protein—fragment complex structures by
CSP-guided docking. The complex structures obtained with
the amide proton CSPs displayed the highest RMSD to the
X-ray structures, leading nevertheless to correct results. Their
easy assignment make therefore the CSPs from amide protons
relevant probes to assess the binding mode of fragment hits at
the early stage of the FBDD process. Finally, CSPs from
methyl groups lead to better results than those obtained with
the CSPs of amide protons. For large proteins, it can be par-
ticularly convenient to measure CSPs on methyl groups.
Nevertheless, one must ensure that no conformational change

occurs upon fragment-binding. In the future, the CSP-guided
docking approach will need further improvement, especially
by taking into account the protein rearrangement upon ligand
binding.
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