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Deficiency of human erythrocyte isozyme (RPK) is,
together with glucose-6-phosphate dehydrogenase defi-
ciency, the most common cause of the nonspherocytic
hemolytic anemia. To provide a molecular framework to
the disease, we have solved the 2.7 Å resolution crystal
structure of human RPK in complex with fructose 1,6-
bisphosphate, the allosteric activator, and phosphogly-
colate, a substrate analogue, and we have functionally
and structurally characterized eight mutants (G332S,
G364D, T384M, D390N, R479H, R486W, R504L, and
R532W) found in RPK-deficient patients. The mutations
target distinct regions of RPK structure, including do-
main interfaces and catalytic and allosteric sites. The
mutations affect to a different extent thermostability,
catalytic efficiency, and regulatory properties. These
studies are the first to correlate the clinical symptoms
with the molecular properties of the mutant enzymes.
Mutations greatly impairing thermostability and/or ac-
tivity are associated with severe anemia. Some mutant
proteins exhibit moderate changes in the kinetic param-
eters, which are sufficient to cause mild to severe ane-
mia, underlining the crucial role of RPK for erythrocyte
metabolism. Prediction of the effects of mutations is
difficult because there is no relation between the nature
and location of the replaced amino acid and the type of
molecular perturbation. Characterization of mutant
proteins may serve as a valuable tool to assist with di-
agnosis and genetic counseling.

Pyruvate kinase (PK)1 catalyzes the conversion of phos-
phoenolpyruvate (PEP) to pyruvate with the synthesis of ATP.

The enzyme requires K� and Mg2� (or Mn2�) for activity (1–3).
The PK-catalyzed reaction represents the last step of glycolysis
with the reaction product, pyruvate, being involved in a num-
ber of energetic and biosynthetic pathways. PK is activated
homotropically by PEP and heterotropically by monophospho-
rylated or bisphosphorylated sugars (2). In addition, Mg2�, H�,
and other cations modulate enzymatic activity (4). The regula-
tory behavior of PK varies depending on the enzyme source.
Four PK isozymes have been identified in mammals (5). The
M1 (muscle) and M2 (fetal) proteins are products of the alter-
native splicing of the same mRNA. M2 PK is allosterically
activated by fructose 1,6-bisphosphate (FBP) and PEP,
whereas the M1 enzyme is exceptional in that it is the only
known PK that displays hyperbolic kinetics. The other two
mammalian PK isozymes, liver and erythrocyte, are coded by
the same PKLR gene through the use of tissue-specific alter-
nate promoters. Both erythrocyte and liver isozymes are acti-
vated by PEP and FBP (2).

The three-dimensional structures of several PKs from pro-
karyotic and eukaryotic organisms have been elucidated (6–
10). They reveal a conserved architecture. PK is a 200-kDa
tetramer with four identical subunits, each consisting of four
domains (Fig. 1): the small N-terminal helical domain (absent
in bacterial PKs); the A domain with (�/�)8 barrel topology; the
B domain, which is inserted between strand �3 and helix �3 of
the A domain (�/�)8 barrel; and the C domain with an ���
topology. This multidomain architecture is instrumental to the
regulation of PK activity. The enzyme activation is thought to
involve a combination of domain and subunit rotations coupled
to alterations in the active site geometry. In this mechanism,
the residues located at the domain and subunit interfaces are
crucial in that they function in the communication between the
activator-binding site and the catalytic center (8–10).

Deficiency of human erythrocyte isozyme (RPK) is, together
with glucose-6-phosphate dehydrogenase deficiency, the most
common cause of nonspherocytic hemolytic anemia (11). RPK
deficiency severely affects the erythrocyte metabolism, causing
ATP depletion, which ultimately leads to hemolysis. World-
wide, more than 150 mutations in the gene coding RPK have
been found in RPK-deficient patients (12). The disease is trans-
mitted as a recessive trait, and the pathological symptoms
occur only in homozygotes or compound heterozygotes. The
clinical manifestations vary from mild to severe anemia, which
can be life threatening and require continuous transfusion
therapy. Here, we describe the first crystal structure of recom-
binant RPK and the biochemical characterization of eight mu-
tants found in patients subjected to clinical follow-up. These
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studies allow a correlation between the clinical symptoms and
the molecular properties of the mutant enzymes.

EXPERIMENTAL PROCEDURES

Expression Vectors—The vectors used to express RPK and its mutant
and truncated forms were derivatives of pTrcHisB (Invitrogen). RPK
cDNA insert was obtained from pGG1 (13) after introduction of NcoI-
NdeI sites around the ATG initiation codon. The mutagenic primer (14)
used to introduce the two sites into pGG1 was 5�-CAAGGAGGCTGA-
AACCATGGCTAGCCAGGAGAACATATCATT. It altered the second
and the third codon of the insert. The underlined letters indicate the
mutated bases. The selection primer used to abolish the vector unique
restriction site AflIII was 5�-CGCAGGAAAGACCTTGGGAGCAAAAG-
GCC. The pTrcHisB with RPK cDNA inserted in NcoI/EcoRI and desig-
nated pCW3 was mutagenized to restore the codons previously
changed. The mutagenic primer was 5�-TAAGGAGGAATAAACCATG-
TCGATCCA GGAGAACATATCAT. The selection was performed by
digesting the parental pCW3 with NcoI. The new plasmid, which cont-
ains the correct insert, was named pLC1. To obtain the desired RPK
mutants, the pLC1 was subjected to site-directed mutagenesis (14). The
same selection primer (5�-CCCCCCTGAATTCGAACCTTGGCTG) was
used to abolish the unique HindIII site in all cases. The specific mut-
agenic primers were: 5�-CTGGAGGTGAGCGACAGCATCATGGTG-
GCA for G332S; 5�-CTGCAACTTGGCGGACAAGCCTGTTGTCTG for
G364D; 5�-CAAGCCCCGGCCAATGAGGGCAGAGACAAG for T384M;
5�-AGGGCAGAGACAAGCAATGTCGCCAATGCTG for D390N; 5�-CT-
GACCACAACTGGCCACTCAGCCCAGCTTCTG for R479H; 5�-AGCC-
CAGCTTCTGTCTTGGTACCGACCTCGG for R486W; 5�-CTGCCCAG-
GCTGCCCTCCAGGTCCACTTAT for R504L; and 5�-ATGATGTAAGA-
TCGCTGGGTGCAATTTGGCA for R532W. To obtain a truncated form
of RPK lacking the first 49 residues, pCW3 was mutagenized by using
the primer 5�-TAAGGAGGAATAAACCATGGAGCTGGGCACTGCCT-

TCTTCC. This sequence corresponds to that of the plasmid upstream of
the initiation triplet ATG and continues with that of the RPK insert
starting from the GAG codon of Glu at position 50. The selection was
performed by digesting pCW3 with NheI restriction enzyme. The pla-
smid with the insert encoding the truncated RPK (residues 50–574)
was designated pLC3. All of the inserts were sequenced.

Protein Purification and Enzymatic Analysis—Escherichia coli
DH5� transformed with the specific expression vectors were grown at
37 °C in Luria-Bertani medium containing 100 �g/ml ampicillin. When
the culture optical density at 600 nm reached a value of 0.5, the
expression was induced by addition of isopropyl-�-D-thiogalactopyrano-
side at a final concentration of 0.5 mM. The induction time was 12 h,
whereas the induction temperature was 30 °C, with the exception of the
mutants G332S, G364D, R504L, and R532W, for which the induction
temperature was 21 °C. Wild-type and mutant enzymes were purified
by the procedure of Wang et al. (13). Enzyme activities were measured
at 37 °C by the assay (13) recommended by the International Commit-
tee for Standardization in Hematology. The kinetic parameters were
determined with the Enzyme Kinetic ModuleTM 1.1 (SPSS Science
Software Gmb). Thermal stability was measured by incubating the
enzyme (100–200 �g/ml) at 53 °C in a solution consisting of 20 mM

potassium phosphate, pH 6.5, 100 mM KCl, and 1 mM EDTA. The
samples were removed at intervals and immediately assayed.

Crystallography—Recombinant wild-type RPK was crystallized us-
ing the vapor diffusion method at 22 °C. Well solutions consisted of 50
mM Mes/KOH, pH 6.4, 10 mM MnSO4, and 10–14% w/v PEG8000.
Hanging drops were formed by mixing equal volumes of 12 mg/ml
protein in 50 mM KCl, 5 mM FBP, 5 mM phosphoglycolate, 20 mM

potassium phosphate, pH 7.0, and well solutions. The crystals were
difficult to reproduce. The recombinant enzyme undergoes partial pro-
teolysis, and about 50% of the purified protein chains lack the first 47
amino acids (13). On this basis, we produced a mutant truncated en-

TABLE I
Data collection and refinement statistics

Native R479H T384M R486W

Space group P21 P21 P21 P21
Unit cell axes a,b,c (Å) 74.4 74.0 76.3 73.7

172.1 171.8 173.0 171.2
85.5 85.1 85.8 85.0

� (°) 92.5 91.2 93.1 91.6
Completeness (%)a 95.9 (86.5) 92.6 (90.1) 93.7 (91.3) 89.0 (68.6)
Measured reflections 118,752 98,901 116,305 76,390
Unique reflections 55091 50701 52721 42512
Resolution (Å) 2.7 2.7 2.7 2.9
Rsym (%)a,b 7.6 (24.1) 9.5 (46.7) 7.9 (54.6) 10.3 (28.3)
Protein atoms 15,431 15,181 15,435 15,218
Solvent molecules 65 0 0 0
Ligand atoms 124 124 124 124
R-factor (%)c 23.0 24.2 24.6 24.3
Rfree (%)c 27.9 29.0 30.0 30.9
Root mean square bond

lengths (Å)
0.020 0.025 0.024 0.024

Root mean square bond
angles (°)

2.0 2.4 2.8 2.9

Noncrystallographically
symmetry-related,
domains A and C (Å)d

Subunit 1 to subunit 2 0.26 0.15 0.22 0.17
Subunit 1 to subunit 3 0.16 0.27 0.19 0.45
Subunit 1 to subunit 4 0.20 0.24 0.22 0.28

Noncrystallographically
symmetry-related,
domain B (Å)d

Subunit 1 to subunit 2 0.37 0.32 0.31 0.26
Subunit 1 to subunit 3 0.33 0.40 0.32 0.33
Subunit 1 to subunit 4 0.31 0.37 0.43 0.38

Ramachandran plot (%)e

Most favoured regions 89.9 86.6 86.7 83.2
Additionally allowed

regions
9.5 12.4 12.6 15.6

Disallowed regions 0.5 0.9 0.7 1.2
a The values in parentheses are for reflections in the highest resolution shell.
b Rsym � ¥�Ii � �I��/¥Ii, where Ii is the intensity of ith observation and �I� is the mean intensity of the reflection.
c R-factor � ¥�Fobs � Fcalc�/¥�Fobs�, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively.
d Root mean square deviation between C� atoms of the noncrystallographically symmetry-related monomers present in the asymmetric unit.

Tight noncrystallographically symmetry-related restraints were applied throughout the refinement.
e Analyzed with Procheck (38).
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zyme lacking the first 49 residues (see above). Employment of the
truncated protein greatly improved the crystallization, which was car-
ried out using the above-described protocol. Crystals were obtained for
the T384M, R479H, and R486W truncated mutants by the same proto-
col used for the truncated wild-type RPK.

RPK crystals belong to space group P21 with one tetramer in the
asymmetric unit. The diffraction data were measured at 100 K on
beamline ID14-EH2 of the European Synchrotron Radiation Facility
(Grenoble, France) using a MarCCD detector and beamline B7WB of
DESY/EMBL (Hamburg, Germany) using a Mar Imaging Plate. Data
processing and reduction were carried out using MOSFLM (15) and
programs of the CCP4 suite (16). The data collection statistics are
reported in Table I. The structure of the wild-type RPK was solved by
molecular replacement using the program Molrep (16). The search

model was the structure of rabbit muscle M1 PK in complex with
pyruvate (Ref. 7; Protein Data Bank entry 1PKN). The Phases were
improved by 4-fold averaging (17), producing an electron density of
excellent quality. Model building was carried out with the program O
(18). The model was refined using Refmac (19). All of the measured data
(no � cut-off) were employed, and 2.5% of unique reflections were used
to monitor the progress of the refinement by Rfree validation. The
refined wild-type coordinates provided the starting model for the re-
finement of the mutants. The set of reflections for calculation of Rfree

was identical to that of the wild-type structure refinement. A summary
of refinement statistics is presented in Table I. Analysis and inspection
of the structures were carried out with the program O (18) and pro-
grams of the CCP4 package (16). The figures were generated with
Molscript (20).

RESULTS

The Three-dimensional Structure of RPK—The crystallo-
graphic studies were performed using a truncated RPK in
which the 49 N-terminal amino acids are absent. Use of the
truncated protein resulted in considerable improvement in the
reproducibility of the crystallization experiments. The trun-
cated protein exhibits kinetic properties virtually identical to
those of wild-type RPK. A more detailed analysis of this and
other mutants targeting the N-terminal residues will be pub-
lished elsewhere.

The truncated recombinant RPK was crystallized in complex
with phosphoglycolate (a PEP analogue), FBP, Mn2�, and K�.
The presence of the allosteric activators implies that the crys-
talline enzyme is in the active R state. The 2.7 Å resolution
structure of RPK reveals the typical four-domain subunit ar-
chitecture found in all PKs of known three-dimensional struc-
ture (Fig. 1A). The A (residues 85–159 and 263–431) and C
domains (residues 432–574), together with the small N-termi-
nal domain (residues 57–84), form the main body of the sub-
unit. The B domain (residues 160–262) is loosely packed to the
rest of the molecule and adopts slightly different orientations
(about 4°) in the four crystallographically independent polypep-
tide chains. The four subunits of the RPK tetramer are assem-
bled to form a D2 symmetric oligomer. The intersubunit inter-
actions define two large contact areas; the A/A� interface
involves the A domains of subunits related by the vertical 2-fold
axis, as defined in Fig. 1B, whereas the C/C� interface involves
the C domains of subunits interacting along the horizontal
axis.

The structure of the RPK subunit closely resembles that of
rabbit muscle M1 PK, as expected from the 59% sequence
identity between the two proteins. The similarity is highest
with M1 PK in complex with pyruvate (7), with a root-mean-
square difference of 1.2 Å for 512 C� atom pairs. This M1 PK
complex exhibits the same B domain orientation found in RPK.
In other M1 structures, the B domain is either more open, as in
the phospholactate complex (21), or more closed, as in the
complex with ATP (22, 23).

The Allosteric Site and the Catalytic Center—RPK was coc-
rystallized with FBP, phosphoglycolate, and the K� and Mn2�

ions. All ligands are clearly visible in the electron density map.
Phosphoglycolate, a potent PK inhibitor (9), is positioned in the
PEP-binding site, which is located at the top of the A domain
(�/�)8 barrel, facing a cleft between the A and B domains (Fig.
1A). It is at the heart of an intricate network of hydrogen bonds,
which involve protein residues and the Mn2� and K� cations
(Fig. 2A). The phosphate group is bound to the K� atom and the
side chain of Arg116, whereas the carboxylate moiety is an-
chored through interactions with the Mn2� ion, the side chain
of Thr371, and the main chain nitrogen atoms of Gly338 and
Asp339, which are located at the N terminus of a short helical
segment belonging to loop 6 of the A domain (�/�)8 barrel. This
binding geometry is identical to that observed in the yeast
PK-phosphoglycolate complex (9) and closely resembles the

FIG. 1. Three-dimensional crystal structure of RPK. The N-
terminal domain is yellow, the A domain is red, the B domain is cyan,
and the C domain is green. A, the RPK subunit. The gray spheres
indicate the C� atoms of the residues subjected to mutagenesis. B, the
RPK tetramer. In this orientation, a molecular 2-fold axis is perpendic-
ular to the plane of the paper, whereas the other two molecular 2-fold
axes are vertical and horizontal to the plane of the paper (indicated with
vertical and horizontal lines, respectively).
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binding of pyruvate and phospholactate to rabbit M1 PK (for a
discussion of the implications of this binding mode for catalysis
see Refs. 7 and 21). These similarities are in keeping with the
strict conservation among the PK sequences of all residues
surrounding the substrate-binding site.

The FBP activator is hosted in the allosteric site in the C
domain (Fig. 1A). The ligand is sandwiched between loops
475–479 and 557–566 (Fig. 2B) and extensively interacts with
protein. The 6�-phosphate group is engaged in a salt bridge
with Arg532, whereas the 1�-phosphate is hydrogen-bonded to
the side chains of Thr475 and Ser480 and the backbone nitrogen
atoms of Thr476 and Thr477. Moreover, the dipole of �-helix
480–486 points toward the 1�-phosphate, further compensat-
ing the ligand negative charge. This geometry in FBP-binding

is identical to that found in yeast PK crystallized in the R
state (9).

Rationale for the Mutagenesis Studies—A survey of the mis-
sense mutations associated with the nonspherocytic hemolytic
anemia shows that most of them cluster in specific regions of
the protein three-dimensional structure: the interface between
the A and C domains, the A/A� intersubunit interface, the
hydrophobic core of the A domain, and the FBP-binding site
(24). We generated eight RPK mutants (Fig. 1A), targeting
residues belonging to each of these regions of the protein.
Almost all selected mutations have been found in homozygote
patients. The kinetic, allosteric, and thermostability parame-
ters of mutant proteins were evaluated (Table II), and the
crystal structures of three mutants (T384M, R479H and

FIG. 2. The allosteric and catalytic
sites of RPK. A, stereo view of the active
site with bound phosphoglycolate (indi-
cated by gray bonds), Mn2�, and K�. With
respect to Fig. 1A, the model has been
rotated by �30° around an axis horizontal
to the plane of the paper. B, stereo view of
the allosteric site with bound FBP (gray
bonds). The orientation is as in Fig. 1A.

TABLE II
Kinetic parameters of the wild-type and mutant RPKs

The results are the means � S.E. for three determinations from four different protein preparations.

Enzyme

PEPa

FBP(�) 1 mM FBP ADPb

kcat S0.5 kcat/S0.5 nH kcat S0.5 kcat/S0.5 nH kcat S0.5 kcat/S0.5

s�1 mM s�1/mM s�1 mM s�1/mM s�1 mM s�1/mM

Wild typec 355 � 12 1.10 � 0.04 323 1.60 � 0.16 355 � 11 0.18 � 0.020 1972 1.05 � 0.07 355 � 13 0.17 � 0.01 2080
G332S 137 � 6 3.79 � 0.2 36 2.31 � 0.12 152 � 5 0.38 � 0.04 389 1.08 � 0.08 111 � 7 0.49 � 0.03 226
G364D 104 � 7 0.93 � 0.03 112 1.54 � 0.03 118 � 6 0.75 � 0.02 153 1.39 � 0.03 115 � 6 0.16 � 0.04 718
T384M 149 � 10 1.24 � 0.09 120 1.50 � 0.03 172 � 7 0.36 � 0.07 383 1.00 � 0.16 135 � 9 0.15 � 0.02 900
D390N 0.48 � 0.04 1.40 � 0.05 0.34 1.65 � 0.01 0.55 � 0.05 0.34 � 0.009 1.6 1.15 � 0.02 0.45 � 12 0.25 � 0.01 1.8
R479H 390 � 8 1.10 � 0.03 454 2.09 � 0.02 386 � 8 0.08 � 0.003 4452 1.17 � 0.06 381 � 12 0.20 � 0.02 1905
R486W 195 � 4 1.69 � 0.06 116 2.07 � 0.11 203 � 10 0.40 � 0.07 492 1.32 � 0.03 218 � 13 0.24 � 0.02 908
R504L NDc ND ND ND ND ND ND ND ND ND ND
R532W 183 � 5 0.63 � 0.03 290 1.41 � 0.11 187 � 8 0.66 � 0.06 275 1.48 � 0.14 189 � 12 0.20 � 0.04 945

a Kinetic parameters for PEP were obtained at fixed 1.5 mM ADP by fitting data to the Hill plot.
b Kinetic parameters for ADP were obtained at fixed 5 mM PEP by fitting data to the Lineweaver-Burk plot.
c ND, not determined.
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R486W) were solved. The mutations did not induce significant
conformational changes in the overall protein conformation,
and therefore we shall restrict the description of the mutant
structures mainly to the sites affected by the mutations.

G332S Mutation in the A Domain Hydrophobic Core—Many
RPK mutations are localized in the hydrophobic core of the A
domain. An example is the G332S mutation (nucleotide G9943
A), which affects a residue that is strictly conserved among PK
sequences. Gly332 is located on strand �6, being buried inside
the domain core (Fig. 1A). The G332S protein exhibits a 9-fold
decrease in the catalytic efficiency (5-fold for the FBP activated
protein) and is considerably less thermostable than the wild-
type enzyme (Table II and Fig. 3). These substantially altered
molecular properties account for the clinical data. In homozy-
gous form, the G332S mutation leads to severe anemia with the
need of regular transfusions (25, 26).

Mutations at the A/C Interface: G364D, R486W, and R504L—
The interface between the A and C domains is characterized by
many polar interactions that often involve charged side chains.
Many of these residues represent sites of pathological mutations,
which cause RPK deficiency at variable levels of severity.

The mutation R504L (nucleotide G15113 T) affects Arg504, a
C domain residue that is partly solvent-accessible and engaged
in an interdomain salt bridge with Asp281 (Fig. 1A). The R504L
mutation removes this interdomain interaction and introduces
a hydrophobic Leu side chain in a solvent exposed site close to
a negatively charged Asp. Such amino acid replacement is
clearly unfavorable, providing a reason for the extreme insta-
bility of the protein, which prevented functional analysis (Table

II). This feature explains the severe anemia found in RPK-
deficient patients homozygous for this mutation (27).

The other two investigated mutants targeting the A/C inter-
face affect Gly364 and Arg486, which are part of a region of close
association between the A and C domains (Figs. 1A and 4A).
Arg486 is hydrogen-bonded to the carbonyl oxygen of Leu362 at
the C terminus of the A domain helix �6, whereas the neigh-
boring Gly364 allows a sharp turn of the polypeptide chain with
a backbone conformation (� � 85°,� � 98°) that is unfavorable
for a nonglycine residue. The G364D (nucleotide G1091 3 A)
mutation has a drastic effect on the enzyme stability, which is
coupled to a 3-fold reduction of the catalytic efficiency (Fig. 3B
and Table II). Given the tightly packed environment and the
backbone conformation of Gly364, it is conceivable that intro-
duction of a charged Asp side chain at this site of the A/C
interface can greatly perturb the domain assembly, thus being
deleterious for stability. Fully consistent with these observa-
tions is the severe anemia found in patients homozygous for
G364D (28). Together with R504L, the G364D mutant high-
lights the notion that the interdomain interactions at the A/C
interface are critical for the stability of the protein.

R486W (nucleotide C1456 3 T) is among the most frequent
mutations found in RPK-deficient patients (11). Characteriza-
tion of this mutant reveals that such a drastic amino acid
replacement results in small effects on the molecular proper-
ties. The mutant three-dimensional structure shows that the

FIG. 3. Characterization of RPK mutants. ●, wild type; E, G332S;
�, G364D; ƒ, T384M; f, D390N; �, R479H; �, R486W; �, R532W. A,
steady state kinetics of wild-type and mutant RPKs as a function of
PEP. B, thermal stability of wild-type and mutant RPKs. The residual
activity after incubation at 53 °C is expressed as a percentage of the
initial activity.

FIG. 4. The A/C interface in the region surrounding Arg486. The
orientation is as in Fig. 1A. A, stereo diagram of the wild-type structure.
B, stereo diagram of the R486W mutant structure.
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Trp side chain is accommodated without any structural pertur-
bation. With respect to the wild-type structure, no atomic
movements larger than 0.25 Å can be detected, whereas the
indole nitrogen atom is able to establish a hydrogen bond with
the carbonyl oxygen atoms of Leu362 and Asp361. Such struc-
tural conservation matches the limited changes in biochemical
parameters. The thermostability is even higher than that of the
wild-type protein (Fig. 3B), and the allosteric properties are
essentially unmodified (Table II and Fig. 3A). The only signif-
icant perturbation is in the catalytic efficiency, which drops to
30% of the value measured for the wild-type RPK (Table II).
These moderate variations in the molecular parameters corre-
late with the clinical symptoms because patients homozygous
for the R486W mutation generally exhibit a mild anemia (25).

The perturbed kinetics of the R486W protein is puzzling
because Arg486 is 	20 Å away from the catalytic center (Fig.
1A), which is left unperturbed by the mutation as shown by the
mutant crystal structure. The “long range” effect of the R486W
mutation might reflect altered dynamic properties. It is known
that the B domain adopts different conformations depending on
ligand binding (21–23). The introduction of the Trp aromatic
ring may restrict the overall ability of the enzyme to undergo
the conformational changes occurring during catalysis, thereby
perturbing the reaction kinetics.

The A/A� Interface: T384M and D390N—Asp390 is a solvent-
inaccessible residue located in the A/A� interface, at the heart
of a hydrogen bond network that involves Arg337 and Ser389�
(the prime symbol denotes a residue of a different subunit).
Based on the comparison between the structures of the T state
E. coli PK and of the M1 isozyme, it was found that Asp390 is
crucial for the allosteric transition by coupling changes in the
quaternary structure with alterations in the active site geom-
etry (8). A pathological mutation affecting this residue (D390N
corresponding to nucleotide G1168 3 A) has been detected in a
heterozygote patient (25). The molecular analysis shows that
the D390N amino acid replacement causes the almost complete
inactivation of the protein, which, however, is not less thermo-
stable than the wild-type RPK (Table I and Fig. 3B). These
results are very similar to those obtained with the E. coli
enzyme for which the same mutation was investigated (29).
These observations support the idea that Asp390 has a key role
in the allosteric regulation, suggesting that the D390N muta-
tion may lock the protein in an inactive conformation, impair-
ing the transition to the R state.

The mutation T384M (nucleotide C1151 3 T) affects a resi-
due, which, although not directly involved in intersubunit in-
teractions, lays very close to the A/A� molecular 2-fold axis (Fig.
5). Thr384 is located at the N terminus of helix �7 of the A

domain (�/�)8 barrel. Its OG atom is hydrogen-bonded to the
backbone nitrogen atoms of Ala386 and Glu387, thus acting as
helix-capping element. The three-dimensional structure of the
T384M mutant reveals that the mutation does not cause atomic
shifts larger than 0.3 Å (Fig. 5). The bulkier Met side chain is
easily accommodated, the only change being the removal of the
helix-capping hydrogen bonds. Also the kinetic characteriza-
tion shows limited variations, the main difference between
T384M and the wild-type protein being a 3-fold reduction of the
catalytic efficiency (5-fold for the FBP activated form; Table II)
that is mainly accounted for by a reduction in kcat. Likewise,
the mutation does not alter the thermostability parameters
(Fig. 3).

Thr384 is not part of the binding sites for PEP and ADP, and
the crystal structure of the T384M protein shows that the
active site geometry is not affected by the mutation. Thus, the
altered kinetics displayed by the T384M mutant is difficult to
rationalize. Modified enzymatic parameters were observed also
for the equivalent mutation in the rabbit kidney isozyme (30).
Thr384 is close to the contact region between the A and B
domains (Fig. 1A) and therefore the T384M mutation may
disturb the “closure” of the B domain occurring upon ATP
binding (22). An alteration of the equilibrium between the
“open” and “closed” B domain conformations may affect the
enzymatic activity. It is remarkable that homozygosity for the
T384M mutation is associated with anemia with mild to severe
symptoms (31, 32), implying that even moderate changes in the
enzyme catalytic power can have pathological effects.

The Allosteric Site: R532W and R479H—The negative
charges of FBP are compensated by the N terminus of helix
479–486 for the 1�-phosphate and Arg532 side chain for the
6�-phosphate (Fig. 2B). We have investigated two mutations
that target both of the elements involved in FBP binding. The
first of these mutations is R532W (nucleotide C15943 T), which
has been found in compound heterozygotes, in which the other
allele had a mutation causing the truncation of the protein. The
clinical symptoms in the patients carrying the mutation were
severe (33). Molecular analysis of the R532W protein indicates
a complete loss in the responsiveness to FBP, highlighting the
essential Arg532 role in activator binding (Table II). These
perturbed allosteric properties are associated with a decreased
thermostability (Fig. 3B), possibly reflecting the energetically
unfavorable exposure on the protein surface of the hydrophobic
Trp residue.

The R479H mutation has been found in RPK-deficient pa-
tients affected by severe anemia (34, 35). The side chain of
Arg479 is located in the neighborhood of FBP, although it does
not directly interact with the activator (Fig. 2B). The crystal

FIG. 5. The A/A� interface close to
Thr384. The helices �7 of 2-fold related
subunits are shown. The residues of the
opposite subunits are denoted by the
prime symbol. Attached to Thr384 is the
Met side chain (gray bonds) of the crystal
structure of the T384M mutant. The ori-
entation is as in Fig. 1A.
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structure of R479H is identical to that of the wild-type protein,
with the His side chain being fully solvent-exposed. Similarly,
the kinetic parameters (Table II) appear to be essentially un-
affected by the mutation. These features are in contrast with
the severe clinical symptoms (34, 35). An explanation for this
riddle is given by the observation that the mutation affects
nucleotide 1436, which is located on a splicing site at the 3�-end
of exon 10. This fact, together with our biochemical analysis,
suggests that, rather than the amino acid replacement, defects
in mRNA splicing process are the actual cause of the RPK
deficiency.

DISCUSSION

Implications for the Allosteric Regulation—PK is a typical
allosteric enzyme of the K type. The allosteric signal is trans-
mitted across the long distance (	20 Å) separating the FBP-
binding site from the catalytic center. The exact mechanism of
the allosteric transition is not known in detail because no PK
has been so far crystallized in both the T and R states. The
comparison between the structure of the T state E. coli PK and
that of the rabbit M1 enzyme (8) suggested that the allosteric
transition involves modifications in the relative orientations of
the domains and subunits coupled to conformational changes in
the PEP-binding site. The x-ray analysis of the T state Leish-
mania mexicana PK (10) and the R state yeast PK (9) led to a
further refinement of this model, allowing a better discrimina-
tion between the structural differences that are consequences
of the inherent divergence between eukaryotic and prokaryotic
proteins and the conformational changes that are genuinely
caused by the allosteric transition. The mechanism of PK reg-
ulation has also been the subject of many mutagenesis exper-
iments (Refs. 23 and 36 and references therein). The general
picture emerging from the mutant analysis is that the inter-
subunit interactions at the A/A� and C/C� interfaces and the
interdomain interactions at the A/B interface are key to deter-
mining the allosteric responsiveness and to defining the distri-
bution of the conformations between active and inactive states.
Moreover, the mutagenesis analyses combined with the crys-
tallographic data provide clear evidence for the idea that the T
and R forms correspond to ensembles of conformations charac-
terized by the rotational flexibility of the B domain (23).

Our study on human RPK is fully consistent with these
features. The crystal structure shows that the B domain is
flexible in RPK also, adopting different orientations in the
crystallographically independent subunits. The key functional
role of the A/A� interface is highlighted by the D390N mutation,
which targets a residue located in the core of the A/A� interface,
producing an enzyme that retains a stable tetrameric state but
almost entirely lacks enzymatic activity. Conversely, none of
the mutations targeting residues at the A/C interface alters the
enzyme allosteric properties. Thus, in agreement with the re-
cent mutagenesis data on the yeast PK (36), this domain inter-
face appears to have little role in the transduction of the allos-
teric signal; rather it is important for the stability of the
domain assembly within the enzyme subunit.

Molecular Basis of Nonspherocytic Hemolytic Anemia—
Characterization of mutant proteins shows that amino acid
substitutions can affect thermostability, catalytic efficiency,
and response to the allosteric effector. Various regions of the
RPK structure, including domain interfaces and functional
sites, are affected by the pathological mutations (Fig. 1A).
However, there appears to be no relation between the nature
and location of the replaced amino acid and the type of molec-
ular perturbation. For instance, both R504L and R486W mu-
tations affect Arg residues involved in interdomain polar inter-
actions at the A/C interface, but their effects are substantially
different. The R504L protein is extremely unstable, whereas

the R486W mutant is even slightly more thermoresistant than
the wild type (Fig. 3B). These observations emphasize the
difficulty of predicting the consequences of mutations simply
from the location and the nature of the target residues. They
also warn against predictions of the effects of mutations in
human RPK based on the molecular analysis of other PK
isozymes.

The clinical manifestations of a genetic disease reflect the
interactions of a variety of physiological and environmental
factors and do not solely depend on the molecular properties of
the altered molecule. Given this caution, it is evident that there
is a general correlation between the clinical manifestations and
the biochemical parameters of the mutant proteins. Mutants
exhibiting strongly perturbed kinetic and thermostability pa-
rameters (G332S, G364D, R504L, and R532W) are associated
with severe RPK deficiency. Conversely, in the case of less
abnormal molecular properties, the disease has milder mani-
festations. It is remarkable that pathological conditions are
present in association with mutations such as T384M or
R486W, which are simply characterized by a moderate reduc-
tion of the catalytic efficiency. The physiological concentrations
of RPK substrates and effectors are in the micromolar range
(37). Therefore, in vivo RPK operates in subsaturating condi-
tions that may amplify the effects of the different catalytic
efficiencies between the wild-type and mutant proteins (Fig.
3A).

In conclusion, our studies indicate that the functional pa-
rameters of RPK are so finely tuned that even moderate mo-
lecular alterations may significantly perturb cell metabolism.
The correlation between molecular and clinical parameters in
PK deficiency suggests that biochemical characterization of
mutant proteins may serve as a valuable tool to understand
and assist with diagnosis and genetic counseling.
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