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Influence the Chemical Step of Enzyme Catalysis
A Dynamic Knockout Reveals That Conformational Fluctuations

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): January 31, 2014 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/332/6026/234.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2011/04/05/332.6026.234.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/332/6026/234.full.html#ref-list-1
, 8 of which can be accessed free:cites 26 articlesThis article 

 http://www.sciencemag.org/content/332/6026/234.full.html#related-urls
17 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/biochem
Biochemistry

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2011 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

Ja
nu

ar
y 

31
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

Ja
nu

ar
y 

31
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

Ja
nu

ar
y 

31
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

Ja
nu

ar
y 

31
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

Ja
nu

ar
y 

31
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

 o
n 

Ja
nu

ar
y 

31
, 2

01
4

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1288337411/Top1/AAAS/PDF-R-and-D-Systems-Science-130301/R_n_D_130122_R2.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/332/6026/234.full.html
http://www.sciencemag.org/content/332/6026/234.full.html
http://www.sciencemag.org/content/suppl/2011/04/05/332.6026.234.DC1.html 
http://www.sciencemag.org/content/332/6026/234.full.html#ref-list-1
http://www.sciencemag.org/content/332/6026/234.full.html#ref-list-1
http://www.sciencemag.org/content/332/6026/234.full.html#related-urls
http://www.sciencemag.org/content/332/6026/234.full.html#related-urls
http://www.sciencemag.org/cgi/collection/biochem
http://www.sciencemag.org/cgi/collection/biochem
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/


electron microscopy; E. Zaikova for qPCR assistance; and
E. J. Pritham, J. Davies, and E. Nomis for constructive
comments. Supported by the Natural Science and
Engineering Research Council of Canada (NSERC) Discovery
Grants Program, the Tula Foundation through the Centre
for Microbial Diversity and Evolution, and fellowships
awarded to M.G.F. by the Gottlieb Daimler- and Karl

Benz-Foundation, Germany, and the University of British
Columbia. The genome sequence of Mavirus has been
deposited in GenBank under the accession number HQ712116.

Supporting Online Material
www.sciencemag.org/cgi/content/full/science.1199412/DC1
Materials and Methods

Figs. S1 to S8
Tables S1 to S3
References

22 October 2010; accepted 8 February 2011
Published online 3 March 2011;
10.1126/science.1199412

A Dynamic Knockout Reveals That
Conformational Fluctuations Influence
the Chemical Step of Enzyme Catalysis
Gira Bhabha,1 Jeeyeon Lee,2* Damian C. Ekiert,1 Jongsik Gam,2 Ian A. Wilson,1 H. Jane Dyson,1

Stephen J. Benkovic,2 Peter E. Wright1†

Conformational dynamics play a key role in enzyme catalysis. Although protein motions have
clear implications for ligand flux, a role for dynamics in the chemical step of enzyme catalysis has
not been clearly established. We generated a mutant of Escherichia coli dihydrofolate reductase
that abrogates millisecond-time-scale fluctuations in the enzyme active site without perturbing
its structural and electrostatic preorganization. This dynamic knockout severely impairs hydride
transfer. Thus, we have found a link between conformational fluctuations on the millisecond
time scale and the chemical step of an enzymatic reaction, with broad implications for our
understanding of enzyme mechanisms and for design of novel protein catalysts.

Protein motions are critical for biological
functions, but their precise role in enzyme
catalysis remains unclear (1, 2). Although

there is convincing evidence that conformational
fluctuations are essential for the mediation of
substrate and cofactor binding as well as product
release and can be rate-limiting for enzyme turn-
over (3–6), the importance of protein flexibility
for progression along the chemical reaction co-
ordinate remains a matter of debate (7, 8). In
one view, electrostatic preorganization of the ac-
tive site is considered to account fully for en-
zyme catalysis (9); however, hydrogen tunneling
experiments suggest that a static model is in-
adequate and that fluctuations that reorganize
the active site are required for the chemical step
(7, 10, 11), which involves conformational sam-
pling to facilitate hydrogen transfer as well as
the transfer itself.

Escherichia coli dihydrofolate reductase
(ecDHFR) is a paradigm for understanding the
relationship between structure, dynamics, and
catalysis (4, 12–14). DHFR catalyzes the stereo-
specific reduction of dihydrofolate (DHF) to tetra-
hydrofolate (THF) using reduced nicotinamide
adenine dinucleotide phosphate (NADPH) as co-
factor. Five intermediates have been identified in
the steady-state catalytic cycle (7): E:NADPH,
E:NADPH:DHF, E:NADP+:THF, E:THF, and
E:NADPH:THF (Fig. 1). Large conformational

changes are observed in the Met20 loop (resi-
dues 9 to 24) between the Michaelis complex
E:NADPH:DHF [modeled by E:NADP+:folate
(FOL) for structural studies] and the product

complex, E:NADP+:THF (13). The Met20 loop
adopts two dominant conformations: the “closed”
conformation, in which the loop packs tightly
against the nicotinamide ring of the cofactor, and
the “occluded” conformation, in which the loop
projects into the active site and sterically blocks
the nicotinamide-binding pocket. The holoen-
zyme (E:NADPH) and the model Michaelis
complex (E:NADP+:FOL) are in the closed con-
formation, whereas the three product complexes
(E:NADP+:THF, E:THF, and E:NADPH:THF)
adopt the occluded conformation (Fig. 1), which
is stabilized by hydrogen bonds between Asn23
and the backbone and side chain of Ser148
(13, 15).

In crystal structures of human and other ver-
tebrate DHFRs, the Met20 loop is invariably
closed (16). Alignment of the human and E. coli
DHFR protein sequences suggests that the oc-
cluded conformation is destabilized in the hu-
man enzyme because of an inability to form the
stabilizing hydrogen bond made by the S148
side chain in ecDHFR (fig. S1). In addition, a
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Fig. 1. Conformational
changes that occur during
the E. coli DHFR catalytic
cycle. (A) (Left) Illustration
of E:NADP+:FOL crystal
structure (1RX2, model for
the Michaelis complex,
E:NADPH:DHF) in the closed
conformation. (Right) Crystal
structure of E:NADP+:ddTHF
(1RX4,modelfortheproduct
complex) in the occluded
conformation. NADP+ is
shown in orange; FOL is
shown in yellow, and
ddTHF is shown in pur-
ple. Red indicates Met20
loop in the closed con-
formation; blue indicates
Met20 loop in the oc-
cluded conformation. The
sites ofmutation, N23 and
S148,are shownasspheres.
(B) Intermediates in the
wild-type E. coliDHFR cat-
alytic cycle. Intermediates
shown in red are in the closed conformation, and those in blue are in the occluded conformation. Before
hydride transfer, the Met20 loop is in the closed conformation, in which it packs tightly against the
nicotinamide ring of NADP+. After hydride transfer, the Met20 loop adopts the occluded conformation, in
which the nicotinamide ring of NADP+ is sterically hindered from binding in the active site. NADP+

undergoes a concurrent conformational change in which the nicotinamide ring is expelled from the
binding pocket, initiating NADP+ release from the ternary product complex. The rate of hydride transfer in
the wild-type and N23PP/S148A mutant enzyme is indicated in black and green, respectively. The
mutation alters the pathway used for product and NADP+ release, as shown in fig. S2.
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polyproline sequence (PWPP) at the end of the
“Met20 loop” of human DHFR may render the
loop less flexible than in the E. coli enzyme.
We hypothesized that a “dynamic knockout”
mutant designed to impair the dynamics of the
Met20 loop in ecDHFR would give direct infor-
mation on the role of active-site loop fluctua-
tions in catalysis by the E. coli enzyme. To this
end, the ecDHFR mutant N23PP/S148A (Fig. 1)
was engineered and characterized by means of
x-ray crystallography, nuclear magnetic resonance
(NMR) spectroscopy, and kinetic analysis (17, 18).

To assess the effect of the mutations on
ecDHFR activity, we carried out both steady-
state and pre-steady-state kinetic measurements
on N23PP/S148A DHFR. The overall turnover
rate (kcat) is very much lower than for the wild-

type enzyme (Table 1). For wild-type ecDHFR,
kcat is determined by dissociation of the THF
product from the E:NADPH:THF complex (Fig. 1)
(10), whereas for the mutant enzyme the mag-
nitude of kcat is determined by dissociation of
the NADP+ cofactor (fig. S2). Thus, the reduced
flexibility inherent in the design of N23PP/S148A
ecDHFR imposes a change in the kinetic step
that determines the steady-state kcat. The hydride
transfer step was monitored directly in pre-steady-
state kinetic experiments, as described in (17)
(fig. S3). The rate of hydride transfer at pH 7.0
is 14 s−1 for the N23PP/S148A DHFR mutant,
which is significantly slower than for wild-type
ecDHFR (Table 1) (19). The measured rate for
the chemical step has a primary kinetic isotope
effect (KIE) of 3.0 (the same as the wild-type

enzyme), which is consistent with the difference
in zero-point energies between the two hydro-
gen isotopes and confirms that we did indeed
directly observe the rate of hydride transfer.

Structural differences between N23PP/S148A
ecDHFR and wild-type ecDHFR were assessed
by determining the crystal structure of the mutant
enzyme in complex with NADP+ and folate and
comparing it with the wild-type E:NADP+:FOL
complex (13). To eliminate differences in refine-
ment methods, the wild-type E:NADP+:FOL com-
plex (13) was re-refined by using the structure
factors deposited in the Protein Data Bank (PDB)
(code:1RX2), as described in (17). The re-refined
structure shows only very minor differences from
the original 1RX2 coordinates. The N23PP/S148A
ecDHFR at 1.6 Å resolution is almost identical
to 1RX2–re-refined at 1.8 Å (Fig. 2) (13). Some
minor adjustments at the end of the Met20 loop
can be observed because of the proline insertion,
but the loop is clearly in the closed conforma-
tion as in the wild-type E:NADP+:FOL complex.
The ligand (fig. S4) and active-site side-chain
conformations are maintained (Fig. 2), as are
the hydrogen bonds (table S2) and the locations
of water molecules in the active site. The dis-
tance between hydride donor and acceptor atoms
is slightly decreased (from 3.3 to 2.9 Å) in the
N23PP/S148A mutant. This decrease cannot ac-
count for the impaired hydride transfer rate in
the mutant because a shorter distance would be
expected to facilitate hydride transfer, not in-
hibit it. The similarity of the backbone con-
formations of the wild-type and N23PP/S148A
E:NADP+:FOL complexes in solution is also
illustrated by the similarity of 15N and 1H chem-
ical shifts (fig. S5).

The conservation of side-chain conforma-
tions and water molecules in the active site of
the wild-type and mutant enzymes argues for
a very similar electrostatic environment. How-
ever, a slight change in the Met20 side chain
required further investigation. It has been pro-
posed that the Met20 Sd atom might assist
catalysis by increasing the pKa of the substrate
(where Ka is the acid dissociation constant),
promoting protonation of the N5 atom of the
pterin (20). The Met20 Sd atom in N23PP/S148A
E:NADP+:FOL is shifted ~0.3 Å relative to its
position in the wild-type complex (fig. S6) (21).
We measured the pH-dependence of hydride
transfer in the N23PP/S148A mutant to ensure
that the apparent small difference in the position
of the Met20 Sd atom does not impair hydride
transfer by decreasing the pKa for N5. The hy-
dride transfer rate for N23PP/S148A ecDHFR
decreases with increasing pH (22) with a pKa of
6.7 T 0.1, which is the same, within experimen-
tal error, as the value for the wild-type enzyme
(6.5 T 0.1). If anything, the pKa is slightly
higher for the mutant enzyme, which would fa-
cilitate hydride transfer rather than inhibit it. Thus,
the x-ray and NMR data and the pKa measure-
ments show that there are no substantial differ-
ences in the structure or electrostatic environment

Table 1. Kinetic parameters. ND, not determined.

Wild type* N23PP-S148A N23PP S148A†

kcat (s
−1) 12 1.8 T 0.6 2.5 T 1 6.6 T 0.8

khyd (s
−1) 220 T 10 13.9 T 0.6 14.2 T 1 157 T 3

pKa 6.5 T 0.1 6.7 T 0.1 6.6 T 0.1 ND
KIE (khyd) 3.0 T 0.1 3.0 T 0.1 ND 2.7 T 0.1
*Kinetic parameters for wild-type enzyme, as reported in (11). †Kinetic parameters for the S148A mutant, as reported in (26).

Fig. 2. The three-dimensional structures of the E:NADP+:FOL complexes of the N23PP/S148A mutant
and wild-type E. coli DHFR are almost identical. (A) Superposition of the crystal structures of wild-type
E. coli DHFR (1RX2) and N23PP/S148A E. coli DHFR. Wild-type E. coli DHFR is shown in red with yellow
ligands, and N23PP/S148A E. coli DHFR is shown in purple with green ligands. (B) Active-site con-
figuration for wild-type ecDHFR (1RX2–re-refined). Folate is shown in yellow, NADP+ is shown in
orange, the waters are shown as green spheres, and key active-site residues are blue sticks. (C) Active-
site configuration for N23PP/S148A ecDHFR. Colors are the same as for (B). For clarity, only the major
conformation of the glutamate moiety of folate is shown. The active-site configurations are almost
identical for wild-type and N23PP/S148A ecDHFR, including placement of polar residues, key hydro-
phobic residues, and waters, showing that the electrostatic nature of the active site is unchanged by the
mutations.
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of the active site between the E:NADP+:FOL com-
plexes of wild-type and N23PP/S148A ecDHFR.

In wild-type ecDHFR, the Met20 loop adopts
the closed ground-state conformation in the
Michaelis model complex, E:NADP+:FOL,
and the occluded ground-state conformation in
the product ternary complex, E:NADP+:THF
(13, 15, 23). Previous NMR studies identified
marker resonances, mostly in the Met20 and
FG loops, for which 15N and 1H chemical shifts
differ markedly between the closed and occluded
conformations (23). Unlike the wild-type enzyme,
the E:NADP+:FOL and E:NADP+:THF com-
plexes of the N23PP/S148A mutant enzyme have
almost identical 1H and 15N chemical shifts for
most residues, including those in the Met20, FG,
and GH loops (Fig. 3 and fig. S7), showing that
the mutant enzyme remains in the closed con-
formation across the chemical step. The occluded
conformation itself is not relevant to hydride
transfer, which takes place within an ensemble of
states in which the active site loops are closed
(13). However, the fact that the mutant enzyme is
unable to adopt an occluded conformation sug-
gested that the flexibility of the active site loops
may be considerably dampened and prompted
us to examine the dynamics of the N23PP/S148A
Michaelis model complex (E:NADP+:FOL).

Carr-Purcell-Meiboom-Gill (CPMG)–based
15N R2 relaxation dispersion NMR experiments
were used to monitor the sampling of higher-
energy, lowly populated conformational substates
that are associated with millisecond-time-scale
structural fluctuations (24, 25). Previous studies
of wild-type ecDHFR revealed millisecond-time-
scale motions in the active site and C-terminal
region in all five intermediate complexes of the
catalytic cycle (4, 26). Surprisingly, relaxation dis-

persion experiments on the E:NADP+:FOL
complex of N23PP/S148A DHFR showed no
dispersion for any active site residues (with the
sole exception of Ala9), indicating that fluctua-
tions on the millisecond time scale are abrogated
in the mutant enzyme complex (Fig. 4). Residues
associated with the C terminus, however, undergo
fluctuations on the millisecond time scale similar
to those in the wild-type enzyme, confirming that
the mutations affect dynamics only in the active
site. R1, R2, and heteronuclear nuclear Overhauser
effect (NOE) experiments show that the Met20
loop ofN23PP/S148A in the E:NADP+:FOLcom-
plex is rather rigid on the picosecond to nano-
second time scale, as in the wild-type enzyme (fig.
S8) (27). Several residues exhibiting exchange
contributions from millisecond-time-scale confor-
mational fluctuations in the active-site loops have
elevatedR2 values in wild-type ecDHFR,whereas
the values for these residues remain close to av-
erage for the N23PP/S148A mutant, suggesting
that the mutations have not simply shifted the mo-
tions to a faster, microsecond time scale. Nominor
resonances, whichmight be expected if there was
a small population (~3% or higher) of an alter-
native loop conformation in slow exchange with
the closed ground state, were observed in the 15N-
HSQCspectrumofN23PP/S148AE:NADP+:FOL.
Thus, we conclude that the millisecond-time-scale
fluctuations in the active site of the wild-type en-
zyme have been abolished in the N23PP/S148A
mutant.

To obtain further insights into the effects of
the N23PP/S148A mutations, we generated two
additional ecDHFR mutants, N23PP and S148A.
The N23PP mutation is in itself sufficient to ab-
rogate the active-site flexibility required for ef-
ficient catalysis. The hydride transfer rate for

the N23PP mutant (14 T 1 s−1) is the same as for
N23PP/S148A. NMR experiments show that the
Met20 loop remains in the closed conformation
across the hydride transfer step and that the
millisecond-time-scale fluctuations in the active
site are quenched in the E:NADP+:FOL complex
of N23PP DHFR (Fig. 4, Table 1, and fig. S9).
An analysis of S148A ecDHFR reveals that the
decreased hydride transfer rate does not simply
arise from impairment of the closed-to-occluded
transition in the mutant enzymes. S148A ecDHFR
also remains in the closed ground-state conforma-
tion across the hydride transfer step (fig. S10),
yet its hydride transfer rate (157 s−1) is decreased
only slightly from that of the wild-type enzyme
(28). R2 dispersion experiments on the S148A
E:NADP+:FOL complex show that although the
millisecond-time-scale dynamics are dampened as
compared with wild type, several active-site res-
idues do retain flexibility, sampling higher-energy
conformational substates that do not correspond to
the occluded state (Fig. 4 and fig. S11). We con-
clude that unlike the N23PP and N23PP/S148A
mutants, the S148A mutant retains residual mo-
tions in the active site, which are not associated
with the closed-occluded transition but which prob-
ably play a role in promoting hydride transfer.

Considering that the E:NADP+:FOL com-
plexes, which are models for the Michaelis com-
plex, have virtually identical active-site structures
in both the N23PP/S148A mutant and wild-type
enzyme, it is most unlikely that hydride transfer
is impaired in the mutant because of differences in
the structural and electrostatic environment of the
active site. Although the ground-state structures
are almost indistinguishable, the wild-type and mu-
tant enzymes differ substantially in their ability to
sample alternative ground-state active-site confor-

Fig. 3. The Met20 loop of N23PP/S148A E. coli DHFR remains in the closed
position across the chemical step. (A) 1H-15N HSQC spectra of wild-type
E:NADP+:FOL (model Michaelis complex, black) in the closed conformation
and E:NADP+:THF (product complex, red) in the occluded conformation.
Large chemical shift differences are observed, particularly for residues in
regions that undergo the closed-to-occluded structural change. Chemical
shift changes from closed (black) to occluded (red) are indicated by arrows

for several residues in the active-site loops. (B) 1H-15N HSQC spectra of
N23PP/S148A E:NADP+:FOL (model Michaelis complex, black) and E:NADP+:THF
(product complex, red). The 1H-15N HSQC spectra for the complexes of the
mutant enzyme are similar; the cross peaks corresponding to the active-site
loops do not shift and appear in the position corresponding to the closed
conformation for both complexes. A quantitative chemical shift analysis is
presented in fig. S8.
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mations and access higher-energy conformational
substates through millisecond-time-scale fluctua-
tions. The ground-state conformational change
between the closed Michaelis complex and the
occluded product complex in wild-type ecDHFR
is not observed for any of the three mutants be-
cause the active-site loops are restrained in the
closed conformation. The millisecond-time-scale
motions in the active site that allow the wild-type
enzyme to sample higher-energy substates are elim-
inated in the N23PP/S148A and N32PP mutants,
whereas the S148A mutant still retains some
flexibility and has a correspondingly higher rate
of hydride transfer.We therefore conclude that the
greatly decreased rate of hydride transfer in the
N23PP/S148A and N32PP mutant enzymes does
not result from changes in structural or electro-
static preorganization of the active site but from
impaired flexibility.

Molecular simulations consistently show that
Met20 loop residues move closer to the cofactor
on progressing from reactant to transition state.
These residues are predicted to play an important
role in electrostatic stabilization of the transition
state and in promoting protonation of the N5 atom
of the pterin moiety of the substrate (20, 29, 30).
Thismovement is probably required to tightly close
and compact the active site, to correctly orient and
constrain the substrate and cofactor, and to pro-
mote hydride transfer by reducing the distance
between the donor and acceptor atoms. Although
the active site of the N23PP/S148A ecDHFR
mutant is fully preorganized in the ground state,
millisecond-time-scale fluctuations of the active site
are restricted so that the enzyme cannot efficiently
sample higher-energy conformational substates that
are conducive to formation of the transition state;
impairment of conformational fluctuations in the

active site leads to strong inhibition of the chem-
ical step. Fine-tuning of conformational flexibil-
ity is probably a general phenomenon that can be
harnessed in the engineering of efficient protein
catalysts.
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Fig. 4. Millisecond-time-scale dynamics in the active-site loops of the E:NADP+:FOL complex are impaired
by the N23PP/S148A mutation. (A) Representative 15N R2 relaxation dispersion curves for (black) wild-
type, (red) N23PP/S148A, (blue) N23PP, and (purple) S148A E:NADP+:FOL. Dispersion data were collected
at pH 7.6 and at 301 K. (Top) Active-site loop residues (11, 95, and 121), for which the dispersion
observed in wild-type E:NADP+:FOL is not observed in either N23PP/S148A or N23PP E:NADP+:FOL.
S148A retains dispersion for residue 11 and other active-site residues, as shown in fig. S11. (Bottom)
C-terminal–associated residues (129, 131, and 133), for which dispersion is observed for the wild-type
and mutant proteins. Residues that display 15N relaxation dispersion in the E:NADP+:FOL complex are
mapped onto the structure for (B) wild type, (C) N23PP/S148A, and (D) S148A. 1RX2 coordinates are
used for representations in (B) and (D). Red spheres indicate active-site–associated residues for which
R2 dispersion is observed. Blue spheres indicate C-terminal–associated residues for which R2 dispersion
is observed. NADP+ is shown as orange sticks, and FOL is shown as yellow sticks. For clarity, only the
major conformation of the glutamate moiety of folate is shown.
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Mutations in U4atac snRNA, a
Component of the Minor Spliceosome,
in the Developmental Disorder MOPD I
Huiling He,1,2 Sandya Liyanarachchi,1,2* Keiko Akagi,1,2* Rebecca Nagy,1,3* Jingfeng Li,1,2*
Rosemary C. Dietrich,4 Wei Li,1,2 Nikhil Sebastian,1,2 Bernard Wen,1,2 Baozhong Xin,5

Jarnail Singh,4 Pearlly Yan,1,2 Hansjuerg Alder,1,2 Eric Haan,6,7 Dagmar Wieczorek,8

Beate Albrecht,8 Erik Puffenberger,9 Heng Wang,5 Judith A. Westman,1,3 Richard A. Padgett,4

David E. Symer,1,2,3,10 Albert de la Chapelle1,2†

Small nuclear RNAs (snRNAs) are essential factors in messenger RNA splicing. By means of
homozygosity mapping and deep sequencing, we show that a gene encoding U4atac snRNA, a
component of the minor U12-dependent spliceosome, is mutated in individuals with microcephalic
osteodysplastic primordial dwarfism type I (MOPD I), a severe developmental disorder characterized
by extreme intrauterine growth retardation and multiple organ abnormalities. Functional assays
showed that mutations (30G>A, 51G>A, 55G>A, and 111G>A) associated with MOPD I cause
defective U12-dependent splicing. Endogenous U12-dependent but not U2-dependent introns were
found to be poorly spliced in MOPD I patient fibroblast cells. The introduction of wild-type
U4atac snRNA into MOPD I cells enhanced U12-dependent splicing. These results illustrate the
critical role of minor intron splicing in human development.

The small nuclear RNA (snRNA) U4atac
is a component of the minor spliceosome
and is required for the proper excision of

the U12-dependent class of introns (1–4 ). Al-
though they account for only about 800 introns
in humans, U12-dependent introns are found in
many essential genes, such as those involved in
DNA replication and repair, transcription, and
RNA processing and translation (5). Thus, mu-

tations in an snRNA required to splice such
introns are likely deleterious and presumably
would result in important developmental or clin-
ical consequences.

U4atac snRNA appears to be encoded by a
single gene (RNU4ATAC) on chromosome 2q14.2.
Herewe report that biallelicmutations in this gene
are found in a severe developmental disorder, mi-
crocephalic osteodysplastic primordial dwarfism
type I (MOPD I; also known as Taybi-Linder
syndrome, OMIM 210710) (6). The main fea-
tures ofMOPD I patients are extreme intrauterine
growth retardation, abnormalities in multiple or-
gans, and death in infancy or early childhood
(7, 8). We focused our initial studies on cases
diagnosed in the Amish of Ohio (9) (fig. S1),
where uniform phenotypic features and a high
degree of consanguinity suggested the existence
of a single founder mutation. Briefly, we applied
genome-wide homozygosity mapping followed
by targeted, high-throughput second-generation
sequencing in search of mutations at chromo-
some 2q14.2 (Fig. 1 and figs. S2 to S4). A novel
g.51G>A variant within the non–protein-coding
RNU4ATAC gene was detected in homozygos-
ity in all seven Amish patients studied and in

heterozygosity in 13 Amish parents. An Austra-
lian patient had the same mutation, whereas in
twoGermanMOPD 1 families, biallelic g.55G>A
occurred in one patient and compound heterozy-
gous g.30G>A and g.111G>A occurred in an-
other patient. The 51G>A mutation represents a
founder event in the Amish, as shown by hap-
lotype analysis (figs. S3 and S5). This mutation
was found in 16 of 281 Ohio Amish controls but
in none of 180 Pennsylvania Amish controls. It
was also seen in two of 720 controls from central
Ohio but in none of 370 controls from France.
The three mutations found in German MOPD
1 families were not found in 452 central Ohio
controls. We conclude that the genetic findings
are fully compatible with the expected recessive
inheritance of rare mutations in the same gene
[see (9) for further details of the mapping, se-
quencing, mutation analyses, and haplotyping].

The 30G>A, 51G>A, and 55G>A mutations
in the U4atac snRNA are located within an im-
portant structural feature known as the 5′ stem-
loop; the 111G>A mutation is located in another
essential stem region, the 3′ stem-loop (10). These
mutations are predicted to disrupt the snRNA’s
secondary structure and cause defects in the mi-
nor spliceosome (fig. S6) (11–13). To evaluate the
functional effects of these mutations, we assayed
the in vivo splicing of a modified U12-dependent
intron reporter whose splicing is dependent on ex-
pression of amodified, exogenousU4atac snRNA,
denoted U4atac-ATH (figs. S7 and S8) (10). Rel-
ative to wild-type U4atac, each of theMOPD I mu-
tations in U4atac snRNA reduced U12-dependent
splicing activity by greater than 90% (Fig. 2A).
This suggests that all four mutations cause severe
defects in U12-dependent splicing. Most of the
splicing defect of the 51G>A mutation could be
rescued by combining it with the 32C>Tmutation
in the presumed base-pairing partner (Fig. 2A,
lane 8, and fig. S6). This suggests that theMOPD
I mutation abrogates U4atac snRNA function by
disrupting the RNA secondary structure.

U12-dependent introns are conserved in a
variety of gene families implicated in different
physiological processes (5, 14). To assess U12-
dependent splicing in MOPD I cells, we com-
pared fibroblasts obtained from two MOPD I
patients (with the 51G>A mutation) and two
normal human fibroblast cell lines. Using real-
time reverse transcription polymerase chain re-
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