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Several human cataracts have been linked to mutations in the g crystallin
gene. One of these is the aculeiform cataract, which is caused by an
R58H mutation in gD crystallin. We have shown previously that this
cataract is caused by crystallization of the mutant protein, which is an
order of magnitude less soluble than the wild-type. Here, we report the
very high-resolution crystal structures of the mutant and wild-type
proteins. Both proteins crystallize in the same space group and lattice.
Thus, a strict comparison of the protein–protein and protein–water inter-
molecular interactions in the two crystal lattices is possible. Overall,
the differences between the mutant and wild-type structures are small.
At position 58, the mutant protein loses the direct ion-pair intermolecular
interaction present in the wild-type, due to the differences between histi-
dine and arginine at the atomic level; the interaction in the mutant is
mediated by water molecules. Away from the mutation site, the mutant
and wild-type lattice structures differ in the identity of side-chains that
occupy alternate conformations. Since the interactions in the crystal
phase are very similar for the two proteins, we conclude that the
reduction in the solubility of the mutant is mainly due to the effect of the
R58H mutation in the solution phase. The results presented here are also
important as they are the first high-resolution X-ray structures of human
g crystallins.
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Introduction

The g crystallins are a family of monomeric pro-
teins found in the mammalian lens. They are part
of the high concentration mixture of crystallins
that is responsible for establishing the refractive
index gradient required for transparency.1 The
short-range order among the various components
ensures that light-scattering is minimized and
transparency maintained.2,3 A disruption in this
order may be caused by different types of protein
condensates, such as aggregates, coexisting liquid
phases or crystals.4 Any such disruption results in

increased light-scattering and lens opacity or
cataract.

The g crystallin gene cluster, which consists of
six genes located on chromosome 2q 33–35 in
humans, has been found to be one of the major
loci for cataracts of genetic origin.5,6 In a previous
publication7 we provided a molecular basis for
lens opacity in two forms of genetic cataracts
caused by mutations in the gD crystallin gene: the
aculeiform cataract associated with the Arg58 to
His (R58H) mutation8 and the “crystal cataract”
associated with the Arg36 to Ser (R36S) mutation.9

We showed that both mutant proteins (R58H and
R36S) have lower solubilities and crystallize more
readily than wild-type human gD crystallin
(HGD), and suggested that lens opacity occurs
due to the formation of these crystal condensates.
Furthermore, we determined from measurements
in solution that there was no large difference in
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the protein structure between the wild-type and
the two mutants. Thus, we showed that a confor-
mational change was not required to bring about a
cataractogenic change in the mutant proteins.

Kmoch and co-workers9 have determined the
2.25 Å resolution X-ray crystal structure of R36S
and have shown that the mutation leads to many
altered crystal contacts relative to wild-type,
bovine gD crystallin, (BGD). These authors used
the bovine protein as a template, since no X-ray
crystal structure was then available for HGD. In
order to find out whether the enhanced crystalliza-
tion of R58H was also due to a modification of
crystal contacts, we determined the structure of
R58H as well as that of HGD. Here, we present
the first high-resolution X-ray crystal structure of
wild-type, HGD (at 1.25 Å) and its R58H mutant
(at 1.15 Å) and show that in contrast to R36S, crys-
tals of HGD and R58H have an identical space
group and therefore very similar lattice contacts.
This similarity allows us to conduct a comparison
of the interactions present in the two proteins.

Results

The mutation site

As described in Materials and Methods, both
wild-type and mutant proteins were grown under
very similar, close to physiological, conditions.

Both proteins crystallized in the same space group
with one molecule in the asymmetric unit. Dif-
fraction datasets to the limit of 1.25 Å and 1.15 Å
were collected for HGD and R58H protein crystals,
respectively. In Figure 1 we see that the electron
density for residue 58 in each of the two structures
is well defined. R58H and HGD have almost iden-
tical polypeptide structures with an average root-
mean-square deviation (rmsd) of 0.3 Å using 173
Ca coordinates. Figure 2(a) shows the location of
the mutation site at position 58 on the N-terminal
domain, close to the interface with the C-terminal
domain. A close-up view of the mutation site
shows how closely the histidine and arginine side-
chains follow each other with only minimal differ-
ences between the two structures (Figure 2(b)).

Water replaces the protein–protein
intermolecular interaction in R58H

Since both HGD and R58H crystallized in essen-
tially the same space group and lattice, the effect
of the mutation on intermolecular interactions
could be analysed readily. The most striking differ-
ence between the two lattice structures is that R58
in HGD forms a strong ion-pair with symmetry-
related D156; both NH1 and NH2 atoms of the
arginine residue form hydrogen bonds with the
OD1 and OD2 atoms of the aspartate residue
(Figure 3(a), left). In contrast, the “shorter” histi-
dine residue in the R58H mutant forms neither

Figure 1. The electron density
clearly shows the outline of the
two residues, (a) His58 and (b)
Arg58, in R58H and HGD,
respectively.
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this contact, nor any other direct protein–protein
intermolecular interaction (Figure 3(a), right).
Instead, in the mutant, D156 interacts with two
water molecules. These Figures clearly show that
replacement of R58 in the wild-type with H58 in
the mutant results in the loss of a strong, protein–
protein, intermolecular, ion-pair interaction at the
mutation site. However, the nitrogen atom on the
other side of H58 makes an intermolecular contact
with D97 in the lattice, which is mediated via a
single water molecule. This is equivalent to the
interaction mediated by two consecutive water
molecules in the wild-type between the NE nitro-
gen atom of R58 and D97 in the lattice (Figure
3(b)). Furthermore, in the mutant, R168 from the
C-terminal domain is anchored in an inter-
molecular interaction with D97, whereas in the
wild-type, R168 and D97 are separated by water
molecules (Figure 3(b)). These data suggest that
compensation for structural differences at the
mutation site is gained by the insertion of water
molecules between the side-chain and aspartate
residues of symmetry-related molecules. This
process is accompanied by local conformational
changes to side-chains in the immediate vicinity of
the mutation site in order to satisfy hydrogen-
bonding requirements (Figure 3(a) and (b)). Thus,
at the actual mutation site a weaker protein–

protein intermolecular interaction occurs in the
mutant relative to the wild-type protein (Table 2),
and is accompanied by the re-organisation of the
protein–water–protein interactions that include
R168 in the close vicinity.

Differences in lattice ion pairs

The direct lattice contact of R58, namely D156, is
on the edge of a dense charge cluster10 that can be
described as two rows of charged residues on the
C-terminal domain (Table 1 and Figure 2(a)). The
majority of the ionic contacts in the crystal lattice
are in this charge cluster (Table 2). The side-chain
conformations of the component residues of the
cluster differ in detail between the two protein
structures due to the differing perturbations
caused by residue 58 in the lattice. The mutation
site has an impact on the overall molecular surface,
since it is at a key intermolecular contact. One
consequence is that, although the mutant has lost
an intermolecular ion-pair at the mutation site, it
gains two other intermolecular ion-pairs that are
stronger than those in the wild-type (Table 2). As
mentioned above, R58H has a stronger lattice ion-
pair interaction between D97 and R168 than does
HGD, and a stronger lattice ion-pair interaction
between R99 and D108 than the corresponding

Figure 2. The overall impact of
the residue alteration on the struc-
ture. (a) The Ca backbone trace of
the R58H, showing the mutation
site, is located close to the interface
between the N and C-terminal
domains. The component side-
chains of the charged cluster in the
C-terminal domain of R58H (R152,
D97, R99, R95, E94, D156, R153,
E96) are appended. (b) A close-up
view around the mutation site
shows the superposition of the two
side-chains that differ by one nitro-
gen atom only. The side-chains
occupy closely equivalent spatial
positions within the limit of three
(out of four) shared carbon atoms
with the NE atom of arginine super-
posed close to one of the histidine
side-chain nitrogen atoms. The
spatial atomic structural difference
between HGD (turquoise) and
R58H (white) is thus confined to
one nitrogen atom for the mutant,
two nitrogen atoms for the wild-
type crystallin, and one carbon
atom each.
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Figure 3. There are more water molecules around the environment of the nitrogen atoms of residue 58 in HGD com-
pared with R58H. (a) Lattice side: in HGD the two NH atoms of R58 are involved in direct hydrogen bonds with two
carboxylate side-chain oxygen atoms of D156 from a neighbouring molecule in the crystal lattice. In R58H the side-
chain of H58 does not make direct hydrogen bonds with a symmetry-related molecule, instead D156 makes water-
mediated hydrogen bonds. Both R58 and H58 make a hydrogen bond between a side-chain N atom and the backbone
carbonyl group of R59. Note that in the mutant the side-chain hydroxyl group of Y62 is hydrogen bonding to the same
side-chain N of H58, bringing the aromatic ring up close to symmetry-related R153. (b) Intramolecular side: in the
mutant H58 interacts with symmetry-related D97 via a single water molecule, whereas in HGD the corresponding
interaction is via two water molecules. In the mutant there is a direct protein interaction between R168 and sym-
metry-related D97, whereas the corresponding interaction in HGD is via a water molecule. In the mutant there is an
interaction between R168 and H58 mediated via a single water molecule, whereas in HGD the corresponding inter-
action is via two water molecules. Protein carbon, nitrogen and oxygen atoms, are coloured white, blue and red,
respectively; white bonds, molecule in asymmetric unit; pale blue bonds, symmetry-related molecules; pink and violet
atoms, water molecules from different asymmetric units; broken yellow lines, intermolecular hydrogen bonds; broken
green lines, intramolecular hydrogen bonds.
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Table 1. Intermolecular contacts mediated by the C-terminal charge cluster

  

 

 

         

The residues in the cluster are all contiguous on the C-terminal domain of one molecule. These residues make lattice interactions
with three different molecules (colour-coded) in the lattice. Interacting residues for a given pair of molecules are in the same colour
and can be correlated with Table 2. The following symbols indicate the nature of the interaction: stops…, a strong intramolecular
ion-pair; p , an intermolecular ion-pair; $, a hydrophobic intermolecular interaction; %, an amino–aromatic intermolecular interaction.

Table 2. Intermolecular lattice contacts

The numbers in parentheses indicate the number of contacts estimated from the program MODEL: Lattice Contact Calculation,
version 5.08 (H.P.C. Driessen, 1997).
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interaction in HGD. The weaker intermolecular
ion-pairs in HGD are due, in part, to higher dis-
order in the side-chains of R99 and R168, as out-
lined below. Both lattices share a similar set of
intermolecular ion-pairs between D150 and R163,
but all others differ in detail. Residues outlined
in red in Table 2 indicate that they are disordered
to some extent in the HGD lattice. Interactions
involving residues D97, R99, D108 and R168 bind
two protein molecules together in the lattice.
These interactions are stronger in R58H.

Comparison of the overall lattice contacts

While there are differences in detail between the
number and types of intermolecular ion-pairs in
HGD compared with R58H, how important are
these ion-pairs relative to all the interactions that
bind the molecules together in their lattices? In
Table 2 we list the intermolecular contacts that
involve side-chain to side-chain, hydrophobic,
amino to aromatic and amino to sulphur atoms, as
well as ion-pairs, and note that arginine is involved
in many interactions. The molecules interact in a
head-to-tail fashion, involving R14 and M102 at
each end of the long axis of the molecule (1 1 0).
These interactions are similar in both HGD and
R58H (Table 2). However, the charge cluster from
the C-terminal domain of a single molecule inter-
acts with three other molecules in the lattice (21 0
0, 1 0 0, 1 21 0), as shown in Table 1. Although
there is a major hydrophobic interaction between
Y98 and F173, arginine participates in interactions
with all three molecular sites, with two of the sites
involving amino–aromatic interactions (R152 and
F173, and R153 and Y62).

When considering a single molecule, the
mutation site (position 58) is adjacent to Y62
(Figure 3(a)) and is in the region of F173. We will
now consider the lattice interactions that involve
these residues from the perspective of the charge
cluster in the C-terminal domain. In HGD, D156
and R153 in the lattice make direct intermolecular
interactions with R58 and Y62 from one molecule,
while Y98 makes an intermolecular hydrophobic
interaction with F173 from another molecule in
the lattice (Table 1). In R58H, the interaction
between D156 and H58 is weakened considerably,
while that between R153 and Y62 is strengthened
compared to HGD; the Y98 and F173 interaction
remains the same. The side-chain conformation
of R153 differs between mutant and wild-type
proteins (Figure 3(a)), with more intermolecular
protein contacts with Y62 in R58H (Table 2).

The increased protein–protein intermolecular
interactions in the mutant compared with wild-
type, two ion-pairs (D97-R168, R99-D108) and one
amino–aromatic interaction (R153-Y62) are all in
the vicinity of the mutation site lattice contact. In
the mutant, molecules related by the 100 symmetry
operator (contacts shown in pink) have a stronger
amino–aromatic interaction and a weaker ionic
interaction compared with wild-type (Tables 1 and

2). In the mutant, the large contact site between
molecules related by the 2100 symmetry operator
(contacts show in green) has stronger ion pairs
than wild-type (Tables 1 and 2). These alterations
to the 100 and 2100 lattice contact sites may con-
tribute towards differences in crystal nucleation
rate of the two proteins.

Differences detected in disorder and the
water structure

In general, the specific location of side-chain
disorder differs between HGD and R58H. For
example, in the mutant protein, H83 and F116
have well-resolved density for two equally popu-
lated conformers, whereas the corresponding resi-
dues in the wild-type are in well-ordered, single
conformations (Figure 4(a) and (b)). By contrast,
R76 in HGD can be refined in two conformations,
whereas in R58H it is in a single conformation. If
we consider H88, both protein structures have
side-chain density for a single conformation,
although the temperature factors are much higher
in HGD. The temperature factors for several other
basic side-chains (K2, R9, R95, R99, R115, R117,
R168 and R169) are higher in HGD than in R58H,
indicating that these residues are more disordered.
Of particular note are those side-chains in HGD
with higher temperature factors that are involved
in intermolecular ion-pairs; namely, R99, R117 and
R168.

Discussion

The X-ray data show that the differences
between the structures of HGD and R58H are
small, and suggest that for the crystal to form
readily the mutation need not make a direct pro-
tein–protein contact. This is in contrast to R36S,
for which position 36 is at a crystal contact.9 The
many similarities between the crystal structures of
HGD and R58H lead us to believe the marked
difference in solubility stems principally from the
solution states of the two proteins. We discuss
below how the solution state may contribute to
the lowered solubility of the mutant protein.

The solubility is the concentration of the liquid
which is in equilibrium with the crystal at a given
temperature.11 We may therefore write:12

ln
CM

CWT

� �
¼

DGs 2 DGl

RT
ð1Þ

Here CM;CW are the solubilities of the mutant and
wild-type protein respectively at temperature T,
and DGs is the difference between the molar free
energies of the mutant and wild-type in the solid
phase, while DGl is this difference in the liquid
phase; R is the universal gas constant. Equation
(1) assumes that the liquid phase is dilute, an
assumption that holds for the ranges of concen-
tration we have studied.7,13
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If the structures of both the wild-type and
mutant proteins are known, then the free energies
can, in principle, be calculated by using these
structures with models for the protein interaction
energies.14,15 Free energy calculations of this type
have been carried out for phenomena that involve
only one phase, e.g. to compute the second virial
coefficient of bovine chymotrypsinogen A16 or to
determine the binding energies of mutants of hen
egg-white lysozyme to an antibody.17 Such calcu-
lations, however, are computationally intensive
and, as yet, do not produce quantitative agreement
with experiment. Also, for the calculation of pro-
tein solubilities, the structures in both the liquid
and solid phases must be known. Since we do not
have sufficient information for an exact calculation,
here we will discuss only in general terms whether
there is one dominant factor of the R58H mutation
that leads to the lower solubility.

As stated previously, the X-ray data show that
there are no large global changes in the solid
(crystal) phase. This is consistent with the data
from circular dichroism, fluorescence and calori-

metric measurements, which reveal that the
mutation does not introduce any significant global
change in the protein structure in solution either.7

We conclude that the free energies in Equation (1)
are determined mainly by the effects of small,
local changes in protein structure brought about
by the mutation.

The change of free energy in the liquid phase
includes a contribution due to solvation effects.
This contribution can be calculated from the values
obtained experimentally for amino acid solvation
energies. The difference in solvation energies
between an arginine and a histidine side-chain (at
pH 7 and 25 8C), DGðHisÞ2 DGðArgÞ; lies in the
range of 1–1.7 kcal/mol (1 cal ¼ 4.184 J), as deter-
mined from a variety of experiments on amino
acid analogs and peptides.18 – 21 This corresponds
to a contribution of 1.7–2.9 to DGl=RT:

There will, of course, be other contributions to
DGl: for example, the residues near the mutation
site will interact differently with arginine than
with histidine (see Results). However, we believe
that the solvation free energy is the dominant

Figure 4. Residues that show
differences in static disorder tend
to be specific to mutant or wild-
type structures. (a) In the linker
region connecting the N and
C-terminal domains, H83 occurs in
a single conformation in HGD,
whereas in the mutant H83 occurs
in two conformations. (b) In the
HGD structure, F116 is in a single
conformation, whereas in R58H it
is in two conformations. Where
two conformations occur they are
indicated by blue and pink bonds.
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contribution, since it accounts for most of the
change in solubility (at pH 7 and 25 8C):7

lnðCM=CWTÞ ¼ 22:8

Figure 3(a) illustrates that there is little change in
the local environment of the mutation. While it is
true that H58 in the mutant does not have the
same direct intermolecular contact with D156 as
does R58 in the wild-type, this loss is compensated,
in part, by extra contacts with water molecules.
Therefore, we believe that DGs=RT will be a small
positive number, much less than 0.7, the value
expected for an R–D salt-bridge.22

Our conclusion that the reduction in solubility of
the mutant is mainly due to changes in the solution
phase could be tested if we could show that
the mutation brings about a change in the inter-
molecular interactions of the protein in solution.
One property of the g crystallins that is sensitive
to these interactions is liquid–liquid phase sepa-
ration (LLPS). LLPS is a temperature-dependent
separation of a homogeneous protein solution into
two coexisting liquid phases of unequal concen-
tration. This transition is the mechanism for many
animal models of cataract, including cold cataract.4

LLPS is metastable with respect to crystallization
and can be measured only if crystal formation is
slow, as is the case for several native g crystallins;23

or if crystallization can be suppressed, as is the
case for the Cys18 to Ser mutation of bovine gB
crystallin.24

We were unable to measure LLPS for the R58H
mutant, because the tendency of this protein to
crystallize readily does not allow the transition to
be measured. Our attempts to suppress the crystal-
lization of R58H in order to observe the metastable
LLPS were unsuccessful. In fact, even in mixtures
with a and b crystallins (which were designed to
mimic the environment of the lens) the R58H
mutant crystallizes readily.

Most of the genetic cataracts studied thus far are
due to mutations at arginine residues.8,9,25 This
suggests that these residues play an important
role in maintaining the solubility of the g crystal-
lins. Indeed, when compared with most proteins,
the slightly basic g crystallins have a high ratio of
Arg to Lys. The arginine residues in the g crystal-
lins form extensive ion-pair networks over the
surface of the molecules that extend between
molecules in the crystal lattice.26 The substitution
of one of these arginine residues for another resi-
due perturbs the ion-pair-water network in the
local crystal lattice. In the case of R58H the effect
of the substitution on part of the arginine network
(R58, R59, R152 and R168) is shown in Figure 3(b).
The importance of the arginine residues may
explain why they are conserved across many
mammalian species.27 It should be noted, however,
that not all of the arginine residues in the g crystal-
lins appear to be equally important. For example,
the R47H mutation, which arises from a single
nucleotide polymorphism in human gC crystallins,

does not lead to cataract.6 This residue is not
conserved across species.27

Since the high-resolution structure of HGD was
not available until now, previous analysis of the
behavior of this protein was based on the known
structure of BGD.10 The level of sequence identity
between the two proteins is high (87%)27 and they
have very similar phase diagrams.7,28,29 The 3D
structures are also very similar; wild-type HGD
and BGD structures superpose with an rmsd of
0.8 Å (for all 173 Ca atoms) and both structures
have I103 contributing to a surface hydrophobic
patch.10 Although these proteins crystallize in the
same space group, the asymmetric units differ, in
that there are two protein molecules in BGD and
one in HGD. Furthermore, the protein is more
densely packed in crystals of HGD, which have a
solvent content of only 40% (v/v) compared with
57% (v/v) in the case of BGD. It is difficult to pin-
point exactly which of the 22 sequence differences
between HGD and BGD are critical for their dif-
ferent crystal lattice interactions. The sequence
changes at positions 51, 147 and 155 are probably
important, since changes at these positions are
responsible for the different crystal packing
between BGD and bovine gB-crystallin.10

The work presented here confirms our previous
conclusion, that large conformational changes in
either the crystal or in solution are not required
for cataract formation. Furthermore, our work
shows that cataract can occur even though the
native and mutant proteins crystallize in essen-
tially identical crystal lattices. It is therefore
important to evaluate both the solution behavior
and the crystal structure when studying crystal
cataracts. Finally, the high-resolution X-ray struc-
ture of HGD we have presented here provides an
important benchmark in the study of human
cataract.

Materials and Methods

Cloning, expression and isolation of proteins

Recombinant HGD was prepared by the amplification
of the coding sequence from a human fetal lens cDNA
library as described.29 Over-expression of HGD and
R58H, and isolation and purification of the proteins
were all done as described.7,29 The crystallins folded
efficiently and fractionated almost exclusively (.95%)
into the soluble fraction. The purified proteins were
characterized by electrospray ionization mass spectro-
metry and gave an average mass of 20,610 (^2) Da
(HGD) and 20,588 (^2) Da (R58H), respectively. The
concentrations of HGD and R58H were determined
by measuring absorbance at at 280 nm and using an
extinction coefficient of 41.4 mM21 cm21.30

Crystallization

A slurry of fine crystals of HGD or R58H, grown
initially by batch crystallization in 100 mM sodium
phosphate (pH 7) containing 20 mM DTT, was suspended
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in a small test-tube (50 mm £ 6.5 mm) in a small aliquot
of the phosphate buffer containing 5mM DTT. The
suspension was warmed to 35 8C to dissolve the crystals
and the tubes immediately placed in a Styrofoam con-
tainer that was incubated at 4 8C. The cooled solution
produced overnight a large number of discrete crystals
suitable for X-ray diffraction measurements.

X-ray data collection

Data for crystals of HGD and R58H were collected
from crystals flash-frozen following immersion in
mother liquor containing 30% (v/v) glycerol as a cryo-
protectant.31 Both data sets were collected at station
ID14-1 of the Synchrotron Radiation Source at ESRF,
Grenoble, France, on a 1200 £ 1200 ADSC Quantum4
CCD detector. Initial indexing of the diffraction patterns
indicated that both crystals were in primitive orthor-
hombic symmetry, P212121, with one molecule in the
asymmetric unit and with unit cell dimensions: HGD,
a ¼ 33.22 Å, b ¼ 52.97 Å, and c ¼ 90.47 Å; R58H, a ¼
33.40 Å, b ¼ 53.18 Å, and c ¼ 89.59 Å, with VM ¼
1.98 Å3/Da solvent content of approximately 40% (v/v).32

All data sets were processed with the HKL program
suite.33 Scaling and merging was performed using the
CCP4 program SCALA.34 Subsequent data manipulation
used the CCP4 program package.35 Statistics for the data
sets are given in Table 3.

Molecular replacement

The structure of wild-type BGD (PDB ID 1ELP) was
used to generate initial phases using the program pack-
age AMoRe.36 The same reflections were selected for
cross-validation in both the HGD and R58H data sets.
Rigid body refinement was initially carried out with
CNS37 using reflections between 8.0 Å and 2.5 Å for
each data set. Following this, the R-factor and Rfree were
35.2% and 40.5%, respectively, for HGD and 35.1% and
38.4%, respectively, for R58H. The phases were further
improved using solvent flattening and density modifi-
cation with the program DM38 prior to the calculation of
SigmaA weighted maps39 for manual rebuilding of the
model. The initial difference Fourier maps for the bovine
and human proteins (BGD and HGD, respectively)
showed differences in electron density supporting the
expected amino acid sequence differences between the
two proteins.

Model building and refinement

Manual model building was performed for both struc-

tures using the program O.40 The initial refinement to
2.2 Å resolution was performed using the program
CNS37 by iterative cycles of simulated annealing with
torsion-angle dynamics and model building. Subse-
quently, REFMAC41 and ARP/wARP42 were used to
refine HGD and R58H to 1.25 Å and 1.15 Å resolution,
respectively. Water molecules were added in both struc-
tures at the end of the refinement, where there was a
peak of 3 rms or higher in the difference electron density
and a 1 rms peak in the 2Fobs 2 Fcalc map. Statistics for
the final model for both structures are listed in Table 4.

Protein data bank accession codes

Coordinates and structure factors have been deposited
in the PDB: accession codes 1hk0 and r1hk0sf for HGD;
1h4a and r1h4asf for R58H.
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Resolution range (Å) 28.17–1.25 28.33–1.15
No of observations
Measured 212,732 463,412
Unique 39,021 55,087

Completeness (%) 86.8 (45.5) 95.3 (97.6)
Rmerge (%)a 0.048 (0.189) 0.050 (0.109)
Multiplicity 2.9 (1.9) 4.6 (2.7)
I/s(I) 7.4 (3.7) 9.2 (6.3)

a Rmerge ¼
P

lII 2 Iml=
P

Im; where II and Im are the observed
intensity and mean intensity of related reflections, respectively.

Table 4. Refinement statistics

HGD R58H

Nreflections (work) 35,783 50,465
Nreflections (free) 3238 4565
R-factora (%) 16.36 15.55
R-freeb (%) 20.78 18.22
R(Workþtest) (%) 16.71 15.76
Protein non-H atoms
Water molecules 282 276
Average B (2) MC SC MC SC
Protein atoms 13.67 15.97 7.95 10.30
Water molecules 27.89 13.65
rmsd
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Ramachandran plot (%)

91.5 90.8

MC, main-chain; SC, side-chain.
a R ¼

P
lFobs 2 Fcalcl=

P
Fobs for the 91% and 92% of the data

included in the refinement.
b R-free ¼

P
lFobs 2 Fcalcl=

P
Fobs for the 8% of the data ran-

domly selected and excluded from refinement
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