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ABSTRACT: We recently found that Asp-His-Ser/Thr-Trp hydrogen-bonded tetrads are widely and uniquely
present in theWD40-repeat proteins. WDR5 protein is a sevenWD40-repeat propeller with five such tetrads.
To explore the effect of the tetrad on the structure and stability of WD40-repeat proteins, the wild-type
WDR5 and its seven mutants involving the substitutions of tetrad residues have been isolated. The crystal
structures of the wild-type WDR5 and its three WDR5 mutants have been determined by X-ray diffraction
method. The mutations of the tetrad residues are found not to change the basic structural features. The
denaturing profiles of the wild type and the sevenmutants with the use of denaturant guanidine hydrochloride
have been studied by circular dichroism spectroscopy to determine the folding free energies of these proteins.
The folding free energies of the wild type and the S62A, S146A, S188A, D192E, W330F, W330Y, and D324E
mutants aremeasured to be about-11.6,-2.7,-3.1,-2.9,-3.6,-7.1,-7.0, and-7.5 kcal/mol, respectively.
These suggest that (1) the hydrogen bonds in these hydrogen bond networks are unusually strong; (2) each
hydrogen-bonded tetrad provides over 12 kcal/mol stability to the protein; thus, the removal of any single
tetrad would cause unfolding of the protein; (3) since there are five tetrads, the protein must be in a highly
unstable state without the tetrads, which might be related to its biological functions.

WD40-repeat proteins belong to β-propeller proteins (1-5),
and they compose about 1% of total proteins in different species
(6). These proteins are found to be important building blocks in
assembling protein complexes (6-10). The protein complexes are
extensively involved in regulating cell cycle (11-14), activating or
inactivating gene expression by alternating or recognizing the
histone modification (15-26), regulating DNA replication and
DNAdamage repair (27, 28), protein ubiquitination (12, 29-36),
apoptosis (37-41), and signal transduction (42, 43). The structural
features and biological functions of the majority ofWD40-repeat
proteins remain to be explored, which is attracting increasing
attention.

About 30 crystal structures of WD40-repeat proteins from
various species are available in the Protein Data Bank (44), of
which about 10 are protein-peptide/protein complexes. Through
analyzing these structures, we found that every WD40-repeat
protein has at least one Asp-His-Ser/Thr-Trp (DHSW) tetrad
(Scheme 1) hydrogen bond network (45). Some of the proteins
have up to six or seven DHSW tetrads. On average each WD40-
repeat protein has about three DHSW tetrads. Very similar
situations have been found in predictedWD40-repeat proteins or
domains in the human genome, as well as in the genomes of other
species such as Drosophila, Arabidopsis, and yeast (data not
shown) by the SUPERFAMILY database (46, 47).

Moreover, such DHSW tetrad appears to be unique for
WD40-repeat proteins.We have not found such tetrad structures

in other types of sheet proteins in our analysis using an in-house
code. An examination of the X-ray crystal structures of 65 non-
WD40 β-propeller proteins also reveals no such DHSW tetrad
(Supporting Information Table S1), although the two types of
proteins have similar β-propeller structures. Therefore, it is
meaningful to study the importance of the hydrogen-bonded
tetrad to the structural stability and possible biofunctions of the
WD40-repeat proteins.

Garcia-Higuera et al. studied the influence of Asp residues in
the turns connecting strands b and c in Gβ and Sec13 on the
folding of the two WD40-repeat proteins (48). They found that
the conserved Asp residues do not have equivalent effect on the
folding of the proteins. While some are critical to the folding of
the proteins, others have much less effect (48).

WDR5 is a well-known WD40-repeat protein, which folds
into a seven WD40 domain propeller structure (49). Due to its
involvement in the regulation of H3K4 methylation(16) by
physical contact with the histone H3 N-terminus and MLL1,
the crystal structure and the function ofWDR5have been studied
intensively (19-21, 23, 24). The crystal structures show that it has
five tetrads, which are illustrated in Scheme 2. It is interesting
to ask several questions: (1) How much stabilization do these
hydrogen bond networks contribute to the stability of WDR5?
(2) Is each of the five tetrads needed for the folding of WDR5?
(3) Howdomutations of the tetrad residues influence the structure
of WDR5? To address these questions, we have measured and
compared the basic folds and folding free energies ofWDR5wild
type (WT) and its various mutants designed to delete some
hydrogen bonds in the hydrogen bond network of DHSW tetrad
with the use of mutagenesis, crystallographic studies, and protein
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unfolding induced by guanidine hydrochloride. Here we report
our findings.

METHODS

Construction of WDR5 Mutants, Protein Overexpres-
sion, and Purification. The sequence ofWDR5 cDNAencoding
31-334 aa was cloned into pET28a(þ) expression vector. Site-
directed mutagenesis (Scheme 2) was prepared using the proce-
dures provided by the QuickChange site-directed mutagenesis kit.
All of the constructions were verified by DNA sequencing. In the
expression of the WT WDR5 and mutants, IPTG was added to
0.1mM for induction as theOD600nm of cultures reached 0.6. After
an 8-10 h induction at a constant temperature of 25 �C, the cell
was collected by centrifugation at 5000g for 10 min at 4 �C. Then
the centrifuged cell was resuspended and sonicated in a 20mMTris
buffer and 50 mM imidazole, pH 8.0, containing 500 mM NaCl.
The debris was removed by centrifugation at 20000g for 3 �
30min. The resulting supernatantwas loaded to aNi-NTAcolumn
after being filtered through a 0.22 μm pore filter from Millipore.
The needed fraction was eluted at the concentration of about
300 mM imidazole. The elution was concentrated to no more than
2 mL, which can be loaded to Superdex 75 for the following
purification with the use of buffer 20 mM Tris-HCl, pH 8.0,
including 200mMNaCl. The collected fractionswere concentrated
to about 10-25 mg/mL for crystallization and CDmeasurements.
The final protein concentration has been determinedwith using the
calculated extinction coefficient at the wavelength of 280 nm (50).
Determination of the Crystal Structures for WDR5

Mutants. To further understand the influence of the overall
fold and the hydrogen bond formed by the DHSW tetrad, we
have raised the crystal structures for WDR5 WT and its S62A,
W330F, and W330Y mutants. The crystallizations were carried
out using the sitting-drop or hanging-drop vapor-diffusionmethod
at 293-298K. Crystals showed up after 2 days in the condition of
18-25%PEG3350 and 150mM(NH4)2SO4, pH 7.0. The crystals

were transferred into the cryosolution, containing 90% of the
reservoir and 10% glycerol, for about 20 s, then flash-cooled, and
maintained at 100 K (Oxford Instruments) using a cold nitrogen-
gas streamduring thewhole data collectionprocess. Thediffraction
data were collected by a Rigaku Saturn 944þ CCD detector using
Cu KR radiation from a Rigaku MicroMax002þ generator
operated at 45 kV and 88 mA. The CrystalClear 1.4 (Rigaku,
USA) software packagewas used to process the data. The structure
was determined by the molecular replacement (MR) method using
the program MolRep in the CCP4 package (51). Further model
building and refinement were performed manually using the
graphical program COOT(52) and the program Refmac5 (53).
The model geometry was evaluated by PROCHECK (54).
Equilibrium Circular Dichroism (CD) Measurements.

CDmeasurements were carried out on a Chirascan spectrometer
with a Peltier temperature-controlled cell based on the protocol
(55-58). All CD measurements were carried out in 1� PBS
buffer at pH 7.5. For the GdmHCl-induced denaturation,
samples with 100 μg/mL protein at different GdmHCl concen-
trations were made up individually and equilibrated at 25 �C for
4 h. Due to the disturbing noise of GdmHCl below 210 nm, the
CD signal was measured at 230 nm with a path of 0.4 cm, and
data were averaged over six independent measurements.
Two-State Analysis of Denaturation by GdmHCl. The

GdmHCl denaturation profile was fit using a two-state assump-
tion. The folding free energy without GdmHCl was estimated by
a linear extrapolation method (58):

Ri ¼ ½θi�- ½θU�
½θF�- ½θU� ð1Þ

where [θi] is the ellipticity at the ith concentration of GdmHCl,
[θF] is the ellipticity at which the protein is fully folded, and [θU] is
the ellipiticity of protein in the 6MGdmHCl. The protein in 6M
GdmHCl is assumed to be the fully unfolded.

Ki ¼ Ri

1-Ri
ð2Þ

whereKi is the folding constant for amonomeric protein at the ith
concentration of GdmHCl, which can be calculated by the folded
fraction Ri. The free energy of folding of a protein can be
evaluated from the equation:

ΔGF ¼ -RT ln KF ð3Þ

Scheme 1: The Hydrogen Bond Network of Asp-His-Ser/
Thr-Trp (DHSW) Tetrad

Scheme 2: Five DHSW Tetrads Are Present in WDR5a

aThe color-marked substitutions are purified and studied by the GdmHCl induced unfolding.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101321y&iName=master.img-000.png&w=183&h=54
http://pubs.acs.org/action/showImage?doi=10.1021/bi101321y&iName=master.img-001.jpg&w=326&h=156


Article Biochemistry, Vol. 49, No. 47, 2010 10239

where R is the gas constant, which is equal to 1.98 kcal/mol, T is
the absolute temperature, and KF is the folded constant of
monomeric protein, which can be calculated by the function
KF = [F]/[U], where [F] and [U] represent the folded and
unfolded fractions, respectively.

ΔGi ¼ ΔG0 þm½GdmHCl� ð4Þ
The free energy of protein folding is a linear function of the
amount of GdmHCl added, where ΔGi is the free energy of the
protein in the presence of the ith concentration of GdmHCl and
ΔG0 is the free energy of the folded protein in the absence of
GdmHCl.

RESULTS AND DISCUSSION

To investigate the influence of the hydrogen bond network
formed by DHSW tetrad on the WDR5 stability, a series of
mutations that involve residues in the tetrads, such as D192E/N,
D324E/N, W198F/Y, W156F/Y, W330F/Y, S62A, S104A,
S146A, S188A, andS318A,were carried out to alter the hydrogen
bond networks (Scheme 2). Mutants of H44A, H300A, S62A/
S188A, and S62A/S146A were also overexpressed in Escherichia
coli. However, these mutants could not be purified due to their
insolubilities, suggesting that these mutants could not fold
properly. As will be shown later, these mutations destroy strong
hydrogen bonds in tetrads and cause too much destabilization.

We successfully purified the WDR5WT protein and its S62A,
S146A, S188A, D192E, W324E, W330F, and W330Y mutants
with the use of Ni-NTA and Superdex 75 gel filtration tandemly.
Although these mutants have remarkably different solubilities,
the final samples were all concentrated up to 5-25 mg/mL

without precipitation for the further crystallization and CD
measurement.
The Crystal Structure of WDR5 S62A and D330F/Y

Mutants. In order to confirm the preservation of the WDR5
entire fold and the alternation of the hydrogen bond network as
we remove the hydrogen bonds in the DHSW tetrad by sub-
stituting Asp, Ser, and Trp residues, high quality crystal struc-
tures of WDR5 S62A and W330F/Y mutants were determined
(Table 1). The resolutions of three mutants are all better than
2.5 Å, which allow us to further analyze and understand the
results on the basis of protein structures.

By the superposition of crystal structures of WDR5 WT and
S62A,W330F, andW330Y mutants, the overall folds are almost
identical as shown in Figure 1A. Therefore, the WDR5 S62A,
W330F, and W330Y mutations that disrupt the hydrogen bond
network of tetrad have little effect on the basic fold. The
hydrogen bonds in the tetrads are analyzed as the polar protons
are assigned. The parameters of hydrogen bonds formed by the
WDR5 tetrads suggest that the single substitutions of residues
involved in the tetrads only alter the hydrogen bond network
locally (Supporting Information Table S2). Comparing the
hydrogen bond network of DHSW tetrads in the WDR5 WT,
the WDR5 S62A mutation removes two hydrogen bonds be-
tween H44 and S62 and between S62 and W72 (Figure 1B,
Supporting Information Table S2). According to the crystal
structure of WDR5 S62A mutant, no water molecule is found
between H44 andW72, which can play the similar role as the S62
side chain. In addition, the W72 indole ring is found to rotate by
about 180� so that theN-Hof the indole ring exposes to solvent.
In the WDR5 W330F and W330Y mutants, panels C and D of
Figure 1 show that the hydrogen bond formed between S318 and

Table 1: Data Collection Statistics of WDR5 S62A, W330F, and W330Y Mutantsa

S62A W330F W330Y

data collection

wavelength (Å) 1.5418 1.5418 1.5418

space group P1211 P1211 P1211

unit cell parameters

a, b, c (Å) 43.63, 79.65, 45.66 43.72, 79.65, 45.97 43.75, 79.68, 45.79

R, β, γ (deg) 90.00, 90.00, 102.02 90.00, 90.00, 101.73 90.00, 90.00, 101.91

resolutions (Å) 42.67-2.05 (2.12-2.05) 31.85-2.05 (2.12-2.05) 39.05-2.10 (2.18-2.10)

Rsym
b or Rmerge 0.064 (0.142) 0.079 (0.218) 0.123 (0.242)

I/σI 11.8 (5.9) 9.1 (3.5) 9.0 (4.8)

completeness (%) 99.75 (98.9) 99.8 (98.2) 100.0 (99.9)

redundancy 3.49 (2.84) 3.51 (2.82) 6.72 (6.23)

refinement

resolutions (Å) 42.67-2.05 31.85-2.30 39.05-2.20

no. of unique reflections 19198 19383 17994

Rwork/Rfree 0.188/0.239 0.167/0.233 0.220/0.273

no. of atoms

protein 2424 2433 2434

water 53 172 212

B factors

protein 16.08 17.35 12.57

water 14.38 22.67 20.07

rmsd

bond lengths (Å) 0.0221 0.0194 0.0189

bond angles (deg) 1.8642 1.6715 1.7659

Ramachandran (%)

most favored 85.1 87.2 86.1

additionally allowed 14.9 12.8 13.5

generously allowed 0.0 0.0 0.4

disallowed 0.0 0.0 0.0

aValues in parentheses are for the highest resolution shell. bRsym =
PP

i|I(h) - I(h)i|/
PP

iI(h), where I(h) is the mean intensity.
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W330 is deleted without disturbing the hydrogen bond network
formed by the D324-H300-S318 triad. Based on the crystal
structure of WDR5 W330Y mutant (Figure 1D), Y330 indeed
does not form a hydrogen bond with S318, although the phenol
group of the Tyr side chain is a stronger hydrogen bond donor
than the N-H of Trp. The orientation of the phenol group does
not allow the hydrogen bond formation. Although the crystal
structures of othermutants are not obtained, we expect that all of
these mutant proteins have similar structures as indicated by the
very similar CD spectra as will be discussed later. Since the crystal
structures indicate very little structural perturbation by these
mutants, the variation of protein stabilities is likely mainly due to
the loss of hydrogen bonding.
CD Measurement. As shown in Figure 2, the WDR5 WT

and its mutant proteins have quite similar CD profiles in the
range of 200-260 nm at 25 �C, pH 7.5, at the 1� PBS buffer. All
of these proteins have a deep minimum near 210 nm and a maxi-
mum near 230 nm. These are characteristic for β-sheet proteins.
Thus, the CD spectra also indicate that the mutations of the
tetrad residues do not affect the overall propeller structure of the
protein, in accordance with the crystallographic observations
(Figure 1A).

Shown in Figure 3 are the changes of CD ellipticity of WDR5
WT and its S146A mutant upon the addition of different con-
centrations of denaturant guanidine hydrochloride (GdmHCl).
The intensity change near 230 nm is most sensitive to the concen-
tration of GdmHCl. On the other hand, the intensity change at

the major intensity near 210 nm is not sensitive to the concentra-
tion of GdmHCl. This is because GdmHCl itself has absorption
below 210 nm, perturbing theCDspectrum at 210 nm.Therefore,

FIGURE 1: (A) The superposition of WDR5WT and S62A, W330F,
and W330Y mutants. (B), (C), and (D) are the electron densities of
WDR5 S62A (3MXX), W330F (3N0D), and W330Y (3N0E) mu-
tants. The dashed line is the hydrogen bond. (B) The electron density
of WDR5 S62A mutant. (C) The electron density of WDR5W330F
mutant. (D) The electron density of WDR5 W330Y mutant.

FIGURE 2: Circular dichroism spectrum of WDR5 WT and seven
mutants. Spectra were collected at 25 �C and pH 7.5 in 1 � PBS
buffer.

FIGURE 3: Changes of ellipticities of proteins in the range of 210-260
nm as the concentration ofGdmHCl is increased at 25 �C and pH 7.5
in the 1 � PBS buffer. (A) WDR5WT. (B) WDR5 S146A mutant.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101321y&iName=master.img-002.jpg&w=239&h=326
http://pubs.acs.org/action/showImage?doi=10.1021/bi101321y&iName=master.img-003.jpg&w=228&h=187
http://pubs.acs.org/action/showImage?doi=10.1021/bi101321y&iName=master.img-004.jpg&w=239&h=380
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we chose the intensity change around 230 nm to calculate the
folding free energy of WDR5 WT and mutants.
GdmHCl-Induced Denaturation. We first tried to induce

denaturation of WDR5 WT and its mutants by increasing
temperature. However, it is observed that some proteins undergo
aggregation upon unfolding at increased temperatures. This
makes themeasurement of CD ellipticity unreliable for unfolding
transition temperature.

Therefore, we measured the stabilities of WDR5 WT and its
mutants by performing protein unfolding with the denaturant
guanidine hydrochloride. Circular dichroism spectroscopy was
recorded at 25 �C and pH 7.5 in 1�PBS buffer with different
concentrations of GdmHCl. Based on the ellipticity intensity
near 230 nm, the percentage of folded protein can be calculated
by the two-state analysis (see Methods). Shown in Figure 4A are
the plots of the folded fraction of the eight proteins against the
concentration of GdmHCl. They indicate that the denaturation
induced by GdmHCl is cooperative in an apparently two-state
curve. TheWDR5WT is themost stable, and it starts to unfold at
the highest GdmHCl concentration. The mutants are more
sensitive to the concentration change of GdmHCl. The midpoint
transition of WDR5 WT is at 4.4 M, much higher than those of
WDR5 mutants (Table 2). The midpoint transitions of WDR5
W330F/Ymutants are about 4.1 and 3.9M, respectively. WDR5
W330F/Ymutants may have the similar fold and hydrogen bond
network in solution due to the similar midpoint transitions and
unfolding profiles. Thus, the alternation of midpoint transition
mainly corresponds to the deletion of hydrogen bond formed
between S318 and W330. The measured midpoint transitions of
WDR5 D192E and D324E mutants are 2.8 and 3.2 M, respec-
tively, which are smaller than that of theWDR5WT. TheWDR5
S62A, S146A, and S188A mutants have different midpoint

transition values, 3.0, 1.4, and 1.8 M, respectively. The different
midpoint transitions indicate different sensitivities of themutants
to the denaturant GdmHCl.
Folding Free Energies. The folding free energies of WDR5

WT and its mutants may provide us the thermodynamic effect
of the DHSW tetrad on the WD40-repeat proteins. Shown in
Figure 4B are the plots based on eq 4 for the eight proteins. The
linear relationship between ΔGi and concentration of GdmHCl is
quite good. The intercept, whereΔGi=ΔG0, gives the folding free
energy. The slope, m, indicates the sensitivity of protein stability
toward the denaturant. These values are given in Table 2. Each
point in Figure 4 is the average of six individual measurements.
These detailed data are given in Supporting Information Table S3.
Based on these data, the standard errors to ΔG0 and m for each
protein can be derived, which are also given in Table 2.

The fitted folding free energy ΔGND of WDR5 WT is about
-11.6 kcal/mol. The folding free energy for W330F and W330Y
is -7.1 and -7.0 kcal/mol, respectively. In these mutations, one
hydrogen bond (between S318 and W330 in the WT) is removed
while the hydrogen bond network of D324-H300-S318 is intact
(Figure 1C,D). Although the mutations may cause some varia-
tions in hydrophobic interactions because the residue is in a
hydrophobic environment, we may still give a rough estimation
of the hydrogen bond strength of about 4 kcal/mol.

The measured folding free energies for WDR5 S62A, S146A,
and S188A mutants range from -2.7 to ∼- 3.1 kcal/mol. These
mutants are about 8.5-9.0 kcal/mol less stable than the WDR5
WT! The mutations not only remove two hydrogen bonds,
leaving only the hydrogen bond between Asp and His, but also
disrupt cooperative interaction in the hydrogen bond network of
the tetrad, which is substantial (2.0-2.5 kcal/mol) according to
our earlier quantum mechanical calculations (45).

FIGURE 4: (A) The percentage of folded WDR5WT and mutants vs GdmHCl. (B) The fitted folding free energies of WDR5WT and mutants
using the two-state model by the linear extrapolation method.

Table 2: MeasuredC1/2[GdmHCl], Folding Free Energy, Standard Error of Folding Free Energy, Change of Folding Free Energy,mValue, and Standard Error

of m Value of WDR5 WT and Seven Mutantsa

WT S62A S146A S188A D192E W330F W330Y D324E

C1/2[GdmHCl] 4.4 3.0 1.4 1.8 2.8 4.1 4.0 3.2

ΔGND -11.6 -2.7 -3.1 -2. 9 -3.6 -7.1 -7.0 -7.5

SEΔG
b 0.4 0.14 0.2 0.3 0.1 0.5 0.2 0.4

ΔΔGWTmutant 0.0 9.0 8.5 8.7 8.0 4.5 4.6 4.14

m value 2.7 0.9 2.5 1.8 1.3 1.7 1.8 2. 5

SEm
b 0.1 0.0 0.1 0.2 0.0 0.1 0.1 0.1

aThe units of C1/2[GdmHCl] and folding free energy are in mol/L and kcal/mol, respectively. bThe standard errors of folding free energies and m values,
respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101321y&iName=master.img-005.jpg&w=385&h=145
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Quite different folding free energies were obtained for WDR5
D192E and D324E mutants. The folding free energy of -7.5
kcal/mol forWDR5D324Emutant appears to be similar to those
ofWDR5W330YandW330Fmutants.However, that ofWDR5
D192E mutant is only -3.6 kcal/mol, which is about 8 kcal/mol
less stable than that of the WDR5WT. These are in accord with
the inequivalent effects of Asp toGlymutations on the folding of
Gβ and Sec13 proteins that were reported by Garcia-Higuera
et al. (48).

These results raise two questions: (1) Neutral hydrogen bonds
in proteins normally are considered to cause less than 3.6 kcal/
mol stabilization in terms of free energy (59-62). Normally, the
average magnitudes of most of the neutral hydrogen bonds
measured by Pace et al. (59, 60) are less than 1.5 kcal/mol.
However, the above hydrogen bonds seem to be over 4 kcal/mol.
What causes the unusually large stabilization? (2) What causes
the large difference in stabilization between WDR5 D192E and
D324E mutants?
Solvent Accessibilities of the Hydrogen Bond Networks.

In order to answer the above-mentioned questions, the solvent
environment of the tetrads was analyzed because the strength of
the hydrogen bond can be remarkably different in different
solvent environments (60, 63). Shown in Figure 5 are two views
of the hydrogen bond network of the D66-H44-S62-W72 tetrad
ofWDR5WT. The hydrogen bond network locates in the cleft of
two neighboring WD40 repeats. The hydrogen bonds formed by
H44-S62-W72 are surrounded by the hydrophobic residues
located on strands a and d of its own WD40 and strand d of
neighbored WD40 as well as the loop connecting two WD40
repeats.

To semiquantify the solvent accessibilities of the hydrogen
bond networks formed by fiveDHSW tetrads ofWDR5, we have
calculated the solvent-accessible surface area (SASA) of their
polar atoms using the SURFACE program embedded in the
CCP4i package (51). According to the calculations, the SASAs of
oxygen atoms of solvent-exposed Glu and Asp carboxyl groups
are all over 10 Å2, which ismuch larger than 0-5 Å2 SASA of the
oxygen atomsbelonging tomost ofAsp carboxyl groups involved
in the tetrads (Figure 5 and Supporting Information Tables S4
and S5), suggesting that Asp carboxyl groups are not fully
accessible by the solvent. The calculated SASA values of His,
Ser, and Trp in the tetrads also indicate that the hydrogen bonds
formed between His and Ser and between Ser and Trp are all in
the hydrophobic environment. In addition, the solvent accessi-
bilities of polar atoms involved in the formation of hydrogen
bonds ofWTWDR5and its mutants have no remarkable change
except for the W72 NE1 atom in the WDR5 S62A mutant
(Supporting Information Table S4). The SASA of the W72 NE1
atom changes from 0 to 5.8 Å2 in the WDR5 S62A mutant. This

is mainly due to the orientation of the indole ring upon the
deletion of the hydrogen bond formed between S62 and W72
(Figure 1B, Supporting Information Table S4).

We also calculated the SASAs of all tetrads in the 30 available
crystal structures ofWD40-repeat proteins (Supporting Informa-
tion Table S5). The hydrogen bonds formed by H-S-W in the
tetrads are all water inaccessible as indicated by the near zero
SASAs of the polar atoms involving the hydrogen bonds.
Although the SASAs of most Asp carboxyl groups are not zero,
all Asp in the tetrads are mainly in hydrophobic environments,
which provide a strong hydrogen bond due to the ionic carboxyl
groups. All of the solvent accessibilities and cooperativities of
tetrads in 30 available crystal structures ofWD40-repeat proteins
are similar to those of WDR5, which supports that there is not
much difference in the thermostabilities provided by the DHSW
tetrads in WD40-repeat proteins.
The mValue. The definition ofm value can be interpreted by

the free energy change of the folded and unfolded protein being
transferred from water to 1 M GdmHCl (64). It is also well-
known that there is strong correlation between m value and the
SASAupon unfolding (65, 66), becauseGdmþ ions preferentially
interact with and stabilize the hydrophobic groups in the
unfolded state (67, 68). The reduction of the m value suggests
two possibilities: (1) The substitutions increase the solvent
accessibility of hydrophobic residues in the folded states (69).
(2) The deletion of some hydrogen bonds by the substitutions
weakens the hydrophobic interaction of some particular residues,
which increases their accessibilities or sensitivities to GdmHCl.
According to our calculations, the marginally different SASAs of
WDR5 WT and S62A, W330F, and W330Y mutants in the
folded states (Supporting Information Table S6) exclude the
possibility that different SASAs account for different reductions
of m values by the substitutions.

On the other hand, Figure 4B shows that there is little
difference among WDR5 S62A, S146A, and S188A mutants at
∼0.5 M GdmHCl. As the concentration of GdmHCl increases,
the difference becomes larger and larger, suggesting that these
three mutants have different sensitivities to GdmHCl in the
process of unfolding. The m values of the WDR5 S62A,
S146A, and S188A are 0.9, 2.5, and 1.8, respectively. We note
that seven hydrophobic residues surround W72: F39, L41, I327,
and L329 from the neighboring WD40 and V51, L60, and F79
from its own WD40 surround the W72 indole ring as shown in
Figure 6. As S62 being replaced by Ala, theW72 indole ring flips
about 180� without alternating the hydrophobic interaction
significantly. However, the loop between strands c and d is

FIGURE 5: The solvent accessibility of DHSW tetrad. The D66-H44-
S62-W72 tetrad and the two WD40 repeats are colored in green,
yellow, andblue, respectively. The surroundinghydrophobic residues
from two neighboring WD40 repeats shield the hydrogen bonds
formed by H44-S62-W72 triad. FIGURE 6: The superposition of two WD40 repeats, WDR5 WT

(cyan) and its S62A mutant (wheat). The stick represents the hydro-
phobic residues (WT in green, S62A in red) involved in surrounding
the Trp72 indole ring.
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loosened in the WDR5 S62A, indicating that the hydrophobic
interaction between W72 and the seven hydrophobic residues
may beweakenedwithout the constraint of the hydrogen-bonded
tetrad (Figure 6). Moreover, the looseness of hydrophobic
stacking may make the seven hydrophobic residues more acces-
sible byGdmHCl and reduce them value. On the other hand, five
and six hydrophobic residues surround W156 and W198 indole
rings, respectively (Supporting Information Figures S2 and S3).
Trp156 indole ring is only buried by V103, L111, I113, L125, and
I144, andW198 is surrounded by V145, V153, I155, L167, V177,
and I186. The hydrophobic core formed by various numbers of
residues may cause the different sensitivities to the denaturant
GdmHCl, which is in agreement with the various reductions inm
values of S62A, S146A, and S188A mutants. This trend is also in
correlation with the measuredΔG of these three mutant proteins.
WDR5 S62A mutant, which has the smallestm value, causes the
largest reduction in protein stability (ΔΔGWTmutant = 9.0 kcal/
mol).WhileWDR5S146A,which has the smallest reduction inm
value, also has the smallest reduction in stability (ΔΔGWTmutant=
8.5 kcal/mol).

The difference between D192E and D324E mutations in
causing protein stability reduction of 8.0 and 4.1 kcal/mol,
respectively, and variation in m values, 1.3 and 2.5, respectively,
compared to 2.7 for the WT is most intriguing. Although the
crystal structures of the D192E and D324E mutants of WDR5
could not be obtained, we were able to find two similar mutation
situations in the available X-ray crystal structures of WD40-
repeat proteins. Shown in panels A and B of Figure 7 are the part
of the structure between strand b and strand c from EED
(2QXV) (70) and SIF2 (1R5M) (71), respectively. Both structures
have a six-residue loop connecting the two strands. In EED
(Figure 7A), a Glu residue is at position 317, which is four
residues up from S313. The E317 does not form a hydrogen bond
with H297, which is in the H297-S313-W323 hydrogen-bonded
triad. In SIF2 (Figure 7B), there are twoGlu residues in the loop.
The first one is E241, which is four residues up fromT237. Similar
to E317 in EED, it does not form a hydrogen bond with H208.
However, the second Glu residue, E243, which is six residues up

from T237, forms a hydrogen bond with H208, so that E243-
H208-T237-W247 retains a hydrogen-bonded tetrad.

The above two situations are very similar to the D192E and
D324Emutants, respectively.As shownby superpositions (Figure 7),
The E192 of the D192Emutant is at the position of E317 of EED
or E241 of SIF2, while E324 of the D324E mutant is at the
position of E243 of SIF2. It is reasonable to hypothesize that, in
the D192E mutant, the E192 cannot form a hydrogen bond with
H170 because of a ring constraint, and in D324E mutant, the
E324 can form a hydrogen bond with H300. Such a hypothesis
may allow us to rationalize the fact that the D192E mutation
significantly reduces the protein stability by about 8.0 kcal/mol
(strong anion-hydrogen bonds have been recognized since 1987;
see, for example, ref 72) while D324 mutation reduces the protein
stability by only about 4.1 kcal/mol. The model also accommo-
dates with the observations that the D192E mutant has a
considerably reduced m value of 1.3 while the D324E mutant
has a similar m value (2.5) as the WT (2.7) because the latter
maintains the DHSW tetrad hydrogen bonding while in the
former E192 is exposed.

SUMMARY

We have used X-ray crystallographic method and CD spec-
troscopy to explore the effects of the hydrogen bond network
formed in DHSW tetrad on the structure and stability ofWD40-
repeat proteins with the use of WDR5 as a model. Based on the
crystal structures, WDR5W330F, W330Y, and S62A mutations
have little effect on the basic structure. The CD measurements
also suggest that the solution structure is not affected by the
mutations. Therefore, the change of folding free energy by
mutationsmainly corresponds to the deletion of hydrogen bonds.
The folding free energies of WDR5 WT and its mutants have
been measured with the use of denaturant guanidine hydrochlo-
ride. Surprisingly large hydrogen bond energies (over 4 kcal/mol)
have beenmeasured for the hydrogen bonds in the tetrads. These
are mainly due to highly hydrophobic environment and a
cooperative effect of the tetrads. It can be concluded that the
complete deletion of a single tetrad will lead to unfolding of
WDR5. It can also be expected that the number of tetrads in a
WD40-repeat protein may correlate with the instability of the
surface of the protein, which may determine the biofunction of
the protein. Future research is directed to the structure-based
biofunction analysis.

SUPPORTING INFORMATION AVAILABLE

List of PDB_ID of non-WD40 β-propeller, hydrogen bond
parameters and solvent-accessible surface area of crystal struc-
tures; detailed information of crystal structures and CD experi-
ment of WDR5 and its mutants. This material is available free of
charge via the Internet at http://pubs.acs.org.
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