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ABSTRACT: The 142 amino acid Dimlp protein is a component of the U4B6tri-snRNP complex
required for pre-mRNA splicing and interacts with multiple splicing-associated proteins. To gain further
insight into the structural basis of its function, we determined the solution structure of the reduced form
of the dominant negative human hDim1 (hDimig) using multidimensional NMR spectroscopy. This
dominant negative hDim1 assumes a thioredoxin-like fold, confirming previous NMR and crystallographic
results. However, in contrast to a recent crystal structure, the NMR solution structure for the reduced
form of hDim1;—1,8 presented here, along with thermodynamic data, indicates that the presence of a disulfide
bond between Cys38 and Cys79 is structurally and functionally unimportant. Comparison of the truncated
hDim1;-12g with the full-length protein, using NMR and circular dichroism spectroscopy, indicates that
the 14 C-terminal residues can undergo a local unfolding transition and assume alternative conformations,
which appear to play a functional role. Other residues essential for hDim1 function are identified by
using mutational and genetic approaches. The residues thus identified are not identical with those previously
shown to govern Dim1 interaction with defined protein partners.

The Diml protein is extraordinarily well conserved suggested an essential, highly conserved function for Dim1
throughout the eukaryotic kingdom, with 79% sequence family proteins in eukaryotes.
identity over its entire length of 142 amino acids and full  Analyses of the interaction properties of Dim1 proteins
complementation function maintained between human (hDimZ1) have provided direct connections to the pre-mRNA splicing

and Schizosaccharomyces pom({@m1p) orthologs {, 2). machinery. It has been shown that hDim1 interacts with
Dim1 functions at multiple levels in control of pre-mRNA  hnRNP F and hnRNP 'H5), proteins that function in tissue-
processing. Diblp, th&accharomyces cerisiae Dimlp specific enhancement of pre-mRNA splicing, 9) and

ortholog, has been identified by mass spectrometry following contain RNA recognition motif (RRM)-like sequences that
purification as a component of the pre-mRNA splicing confer the ability to directly interact with poly(rG)LQ).
machinery in two independent studies aimed at identifying hDim1 also interacts with Npw38/PQBP-4, (L1, 12). This
novel elements of th&. cereisiae U4/U6-U5 snRNP 8, protein possesses a specific RNA binding activity for poly-
4). Dib1p was found to be required for the splicing of a non- (rG) (11), colocalizes with the SRm160/SRm300 splicing
messenger RNA, the U3 RNA}); Elimination of expression  co-activators when coexpressed with Din%l 13, 14), and
of the Dim1 orthologdml-1 in Caenorhabditis eleganky under some circumstances, regulates RNA polymerase |I-
RNA interference leads to embryonal lethality during dependent transcriptiod). Finally, Dib1p has been found
gastrulation with an arrest phenotype consistent with global to interact strongly with Prp6pl6), a protein required for
disruption of zygotic gene expression and compatible with the accumulation of U4/U®J5 tri-snRNP {7, 18). Together,
a global defect in pre-mRNA splicind{7). These results  these studies suggest that hDim1 functions at multiple control
points in the splicing of pre-mRNAs, potentially as part of
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of amino acid conservation throughout evolution and mu-
tational studies?) indicates that the ability to take part in
redox reactions through formation of a disulfide bond is
probably not important for in vivo Dim1 activity, arguing

Zhang et al.

1-128 and 1-129 fragments, but no peak corresponding to
full-length protein.

Circular Dichroism SpectroscopyCD spectra were ac-
quired on an Aviv 62A spectrometer (Aviv, Lakewood, NJ).

against a simple analogy to thioredoxin. However, deletion GuHCI-induced unfolding transitions were measured by

of the C-terminal extension to make hDimig results in
the creation of a dominant negative form of Din®).(This
suggests that regulation of the activity of the thioredoxin-
like core by the C-terminal extension may be important for
Dim1 function. The functional importance of the C-terminal
extension is further supported by the fact that dlm1-35
mutant initially isolated inS. pombg1), which contains a

recording the ellipticity at 222 nm on a series of Diml
samples (11.%M in 50 mM sodium phosphate buffer, pH
7.82) prepared by mixing aliquots of equimolar stock
solutions of native and fully unfolded (6.5 M GuHCI) Dim1.
The unfolding equilibrium of reduced Dim1 was measured
in the presence of 2 mM DTT. CD spectra over the range
from 190 to 300 nm were recorded on oxidized and reduced

point mutation at the junction between this extension and (1 mM DTT) samples of wild-type and mutant Dim144#4/)

the thioredoxin-like core (G126D), manifests a temperature-

sensitive phenotype leading to loss of cellular viability.
However, at present, the role of this extension for Dim1
function is poorly understood.

Dim1 provides a useful model for analysis of the folding
and function of proteins in complexes involving many
protein—protein interactions. In this study, we have taken a

in 10 mM potassium phosphate, pH 7.82. Protein concentra-
tion was determined by measuring the absorption at 280 nm
in 6.5 M GuCl. All CD measurements were performed in
2-mm quartz cuvettes thermostated at°20

NMR Data Collection NMR data were collected on a
Bruker DMX-600 spectrometer equipped with a 5-mjyz-
shielded pulsed-field gradient triple-resonance probe. Stable

systematic approach to elucidating the structure and functionhDimli-12s samples at concentrations suitable for NMR

of hDim1. (1) We report the solution structure for the reduced
dominant negative form of Diml and compare it to the
crystal structure of the oxidized full length Dim1 protein.

(2) The consequences of deleting residues-122 for Dim1

folding and stability are investigated using CD spectroscopy.

studies can be prepared only at pH higher than 7.5. Better
spectra are obtained at physiological temperature°@)7
than at room temperature (2C€). Hence, all NMR experi-
ments were carried out at pH 7.65 and 7. NMR data
processing and sequential assignments have been described

(3) The in vivo complementation properties of a systematic (2). Side-chain assignments were obtained from 3R
series of alanine mutants pinpoint surface residues critical TOCSY-HSQC g0) and 3D HCCH-TOCSY 21, 22).

for protein function. (4) For selected Dim1l mutants with
reduced in vivo function, we study their impact on folding

Distance restraints were obtained from cross-peak volumes
in 3D N NOESY-HSQC and 3D'3C-edited aliphatic

and stability. (5) Finally, we compare residues shown to be NOESY @0). Cross-peaks were categorized as weak{5.8
required for complementation to those necessary for interac-A), medium (1.8-3.5 A), or strong (1.42.7 A) in each data

tion with partner proteins, hnRNP F and Npw38/PQBP-1.
Together, these studies identify functionally important

set based on the ratio of the peak volume of cross-peaks to
that of the relevant diagonal peak. The ratio of weak,

regions on Dim1 and can be used to guide further studies of medium, and strong peaks was approximately 57:23:13.

Dim1 in pre-mRNA splicing.
MATERIALS AND METHODS

Protein Expression, Purification, Characterization, and
MutagenesisProtein expression and purification protocols
for full-length hDim1 and hDimi-;,5 have been described
(2). Mutants hDim1 G126D, hDim1-8 (R86A, K88A), and

3JnnHe coupling constants were obtained from a 3D HNHA
experiment 23, 24). Backboney angles were constrained
to —60° £ 30° for 3~JHNH(1 < 55Hz,—120¢ + 40 for SJHNHa
> 9 Hz, —120 + 50° for 3Jynpe between 8-9 Hz, —120°
4+ 60° for 3Junne between 78 Hz. For3Junnae between
5.5—-7 Hz, the backbone angles were constrained +680°
+ 30° and omitted if such restraints were violated.
Hydrogen bonds were assigned to slowly exchanging

hDim1-12 (R124A/K125A/R127A) were expressed and amide protons from a series of 46 min HSQC spectra, with

purified by similar procedures. The mutagenesis strategy usedhe first spectrum initiated abb@ h after the start of buffer
to create alanine scan derivatives of hDim1 has been reporteckxchange, using a Millipore 5K filter. In the first HSQC

(5). For expression ir§. pombga series of alanine scan
mutants discussed in re&8 were cloned into the vector
PMNS21L.

spectrum of the hydrogen exchange experiment, 42 cross-
peaks were observed. Among these, 14 were confirmed to
be involved in hydrogen bonds by the measuremeftlat:

We have previously found that extended storage of hDim1 coupling across hydrogen bond from a 3D HNCO experiment

samples (2 months at 4°C or ~1 week at room

optimized for magnetization transfer across the weak cou-

temperature) results in complete cleavage of the polypeptidepling between H-bonded amide nitrogen and proton-acceptor

chain at positions 128 or 122,(5). The mechanism of the

carbonyl carbond5). Each hydrogen bond was specified as

cleavage awaits further study because the flanking aminotwo distance restraints (HNO distance and NO distance).
acids do not match the recognition sequence for any knownIn the first round of structure calculation, only the hydrogen
peptidase. Truncated forms (1-128/129) of the mutant bonds identified by both experiments were used.

proteins were also obtained after prolonged storage of the Structure Calculation Structure calculations were per-

purified proteins. The short peptides were removed by using formed on a Silicon Graphics O2 workstation, using the
a centrifugal filter device (Ultrafree; Millipore, Bedford, MA)  simulated annealing protocol within CNS1.0 (see http://
with a 5 kDa molecular weight cutoff. The molecular weight cns.csb.yale.edu). In each round of structure calculation,
of the purified truncated proteins was determined by massrandom structures were generated from the initial structure
spectroscopy, which showed two peaks corresponding toand subjected to 1000 steps of high-temperature dynamics
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at 50 000 K for a total of 15 ps. Each structure was then
cooled to 0 K over a period of 15 ps (1000 steps at 15 fs/
step). A second, slow-cool annealing was carried out over a
total of 15 ps (3000 steps at 5 fs/step) from 2000 to 0 K.
Restrained energy minimization was then performed for 2000
steps. The initial structure for the first round of calculation
was an extended peptide generated from the sequence. Th
initial structure for subsequent calculations was one of the
structures with low CNS energy from the previous round.
In the final round, a family of 120 structures was obtained
with root mean square deviation (rmsd) for bond lengths
<0.01 A, for bond angles<1.0°, and for improper<1.0°.
There were no NOE violations0.5 A and no dihedral angle
violations >5°. Among these, the 20 structures with lowest
overall energy were selected for further analysis. The

coordinates have been deposited in the Protein Data Bank
as entry 1PQN. Graphic displays of structures were generated ;119 25-31 36-48

by Rasmol 26), Molscript 27), and Raster3D28).
Complementation Analyses in S. pomibae S. pombe
strains used in this study weteul-32 ura4-D18 h~ and
dim1-35 leut32 ura4-D18 h~. Strains were grown in yeast
extract medium or minimal medium with appropriate supple-
ments as describe@9). To regulate expression of hDim1
cDNAs from the thiamine-repressibhentlpromoter in the
vector pMNS21L 80), cells were grown in the presence or
absence of @M thiamine. Transformations were performed
by electroporation 31). Analyses were performed as de-
scribed by Zhang et al2j. Briefly, the nmt promoter used
to express hDiml1 from the pMNS21L vector is regulated
by thiamine, producing high levels of hDim1 and derivatives
in the absence of thiamine and low levels in the presence of
thiamine B2). Wild-type dim1* parental strains are viable
from 25 to 37C and grow optimally at 3032 °C; dim1-35
mutant strains are viable at 2& and inviable at 36.3C
(2). Dim1 null strains are inviable at all temperatures and
maintained aslim1::his3/dim1 heterozygote diploids. For
analysis of complementation in a null background, plasmids
containing relevant mutants are transformed into the diploid,

Biochemistry, Vol. 42, No. 32, 2003611

Table 1: Structural Statistics of the NMR Solution Structure of the
Reduced hDimi ;¢

Experimental Restraints Used in the Final Structure Calculation
inter-residue NOEs 852

sequential{—j| = 1) 467
medium range|{(—j| <5) 204
e long range [i—j| = 5) 181
intra-residue NOEs 442
dihedral restraints* i) 67
hydrogen bonds restraints 84

rmsd from Ideal Geometry

bonds (A) 0.0012+ 0.0001
angles (deg) 0.26- 0.004
impropers (deg) 0.09% 0.006
rmsd from Experiment Restraints
distance 0.006@- 0.0004

dihedral angle (deg) 0.0% 0.02
rmsd from Mean Structure
0.8+ 0.1

56—62, 80-85, 88-90,
91-93, 109-124 backbone

a8 The statistical parameters and rmsd values were calculated for
the 20 structures with lowest overall energy.

backbone traces for the 20 structures with lowest energy
among a total of 120 structures calculated. The rmsd of this
set of 20 structures is 04 0.1 A for the backbone heavy
atoms of the residues involved in secondary structure (Table
1). The rmsd for the whole backbone is substantially higher
because of the presence of two extended loops for which
few experimental constraints were obtained. Figure 2 depicts
a ribbon diagram of the energy-minimized average structure.
Analyses of the pattern of NOEs and the directly observed
hydrogen bonds reveal a mixed parallel and antiparallel
triple-strandegB-sheet with an additional short strand (Figure
3).

Previously, we predicted that hDim g has a thioredoxin-
like structure, based on preliminary NMR results and
molecular modelingd). The structure calculated from NMR
data confirms that hDiml,.s assumes a thioredoxin-like

the diploid sporulated in the presence or absence of thiamine fold with a 10-amino acid insertion in the last loop of

and His Leu' colonies selected at 3ZC. In cases where

colonies were not obtained under these conditions, sporula-

tion was performed at 25C to determine if the defect was
due to temperature sensitivity. For analysis of rescue of the
dim1-35hypomorph, plasmids containing relevant mutants
in hDim1 were transformed into the haploid strain, and shift

thioredoxin @). Overall, the structure of hDiml;s in its
reduced state is very similar to a recently reported crystal
structure of the oxidized form of hDim119). The rmsd
between the backbone residues involved in the secondary
structure of the 20 solution structures and the oxidized crystal
structure is 1.4t 0.2 A. The structure consists of a mixed

in permissive temperature was scored in the presence or(parallel and antiparallel) four-strandgdsheet g1: 25—

absence of thiamine.

RESULTS AND DISCUSSION

Solution Structure of Reduced hDims Since the
truncated form of human Diml, hDiml,s acts as a
dominant negative inhibitor of the full-length protein in yeast,
the highly conserved C-terminal segment clearly plays an
important functional role. Another question raised by the
recent crystal structure of hDim1 concerns the relevance of

31;82: 56-62;3: 80-85; 54: 88—-90) flanked by three
o-helices ¢@1: 11-21;02: 36-47;03: 109-122). Resi-
dues 96-101 in the loop connecting4 ando3 are undefined

in the X-ray structure. In the NMR spectra, most of these
residues were also poorly defined, and unambiguous con-
straints involving these residues could not be obtair®d (
The main difference between the crystal structure of hDim1
and the NMR structure of hDim1;,g is that in the crystal
structure, residues 9193 and 129-131 form a short parallel

disulfide bond formation between the two cysteine residues § sheet, whereas in the final 20 NMR structures residues
of hDim1. To address these issues, we used heteronuclea®1—93 assume a range of structures that do not register as
multidimensional NMR methods to determine the solution regularj-sheet, presumably because of deletion of the 14
structure of hDimi-;,gin its disulfide-reduced form at pH  C-terminal residues.

7.65 and 37C. The NMR-based structure calculation used In thioredoxin, the cysteines in the canonical Cys-X-X-
1378 distance restraints (including 84 for hydrogen bonds) Cys motif form a functional disulfide bond at the N terminus
and 67 dihedral angle restraints (Table 1). Figure 1 shows of helix o2. The corresponding region of the hDim1 sequence
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Ficure 1. Stereoview of the final ensemble of 20 structures of hQinyk superimposed using the backbone-heavy atoms of residues in
the secondary structure-Helices are shown in red, arfdstrands are shown in blue.
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Ficure 2: Ribbon diagram of the hDim1;,5 NMR structure with
lowest overall energy. The two cysteine residues are shown in ball- Ficure 3: Schematic representation of thfesheet region of

and-stick representation. The first and the last residues of eachhDim1;-;,5 Constraints used in the final NMR structure calculation
secondary structure element are numbered. are indicated as follows: black arrows, NOE connectivities; blue

. . . arrows, hydrogen bonds that can be observed by hydrogen exchange
contains Only_one cysteine, Cys38, co_rrespon_dlng to_ the but not in the3"Jyc-HNCO experiment; and red arrows, hydrogen
second CyS in the CyS'X-X'CyS motif of thioredoxin. bonds observed in both experiments.

Although disulfide-bond formation with a second cysteine

at position 79 on strang3 of hDiml is possible, the  observed in the crystal structure of hDintll9), despite the
structural and/or functional significance of this linkage is presence of DTT during the crystallization. However, Cys79
unclear. A mixture of oxidized and reduced forms was is not an evolutionarily conserved residu®, (suggesting



Solution Structure and Mutational Analysis of Dim1 Biochemistry, Vol. 42, No. 32, 2003613

0 Structural and Functional Role of the hDim1 C-Terminal
Py o reduced Dim1 Tail. The ability of the truncated form of hDim1, hDimZzs,

v oxidized Dim1 to act as a dominant negative inhibitor of the full-length
-4 reduced Dim1,_4,g protein in yeast, together with the fact that the residues in

the C-terminal extension are highly conserv2y indicates
that the C-terminal 14 amino acids play an important
functional role. To determine the contribution of the C-
terminal tail to protein stability, we used CD measurements
in the a-helical region (222 nm) to compare the GuHCI-
induced unfolding transitions for the full-length and truncated
forms of reduced hDim1. Although both forms unfold over
a similar range of GuHCI concentrations (Figure 4), the
truncated form shows a shallower transition, resulting in a
: ' ' ' ' ' ' substantially lower free energy of unfolding in the absence
0 1 2 3 4 5 6 of denaturant (Table 2). In addition to the main transition
[GUHCI] (M) centered around 3.4 M GuHCI, the wild-type protein shows
FiGURe 4: Unfolding transitions of hDim1 induced by GuHCI a small decrease in the magnitude of the CD signal at 222
monitored by CD at 222 nm (20C, 50 mM sodium phosphate, nm between 0 ah 2 M GuHCI consistent with a slight
pH 7.82). Reduced) and oxidized ) forms of full-length Dim1  gecrease in helical secondary structure. In contrast, the molar
are compared with the truncated reduced form, hQimk (O). In R . .
the reduced samples, formation of the-3® disulfide bond was elllptlc!ty for the truncated form is less negative (corre-
prevented by addition of 2 mM DTT. sponding to a~15% decrease in secondary structure) and
nearly GuHCl-independent between 0daB M GuHCI.
that this disulfide bond is not essential for Dim1 function. While small changes in the pretransition region are often
DTT was added to the NMR sample to eliminate the dismissed as uninteresting baseline effects, the fact that they
possibility of intermolecular disulfide bridge formation. are observed only for the full-length protein suggests that
Comparison of the chemical shifts of tAecarbons of Cys38  they may reflect a local unfolding transition involving the
and Cys79 (27.8 and 29.2 ppm, respectively) with the 14 C-terminal residues of Dim1. In fact, the unfolding curve
“random coil” values reported by Wishart and Ca88)( of hDim1 can be fitted as a three-state equilibrium involving
(28.0 ppm for the reduced and 41.1 ppm for the oxidized a shallow minor transitionGy, ~ 0.5 M, my, ~ 1.1 kcal
Cys) confirms that the protein is fully reduced under the mol~* M%) preceding the main unfolding transitio€{ =
conditions used in our NMR studies. Under these conditions, 3.41 M,m = 3.2 kcal mot* M~1; Table 2). Our conclusion
the -carbons of the two cysteines are at a distance oft5.7  that the pretransition changes reflect local unfolding of the
0.3 A. In contrast, the average distance between two C-terminal extension is supported by the observation that
p-carbons of disulfide-bonded cysteines is 9.3 A in all full-length proteins investigated, including oxidized Dim1
the PDB database (containing a total of 18 660 disulfide (Figure 4) and several mutant forms (Figure 8), exhibit very
bonds). Although the distance seen in the solution structuresimilar behavior at low denaturant concentrations.
is clearly inconsistent with a covalent bond, it appears short In the crystal structure, the 14 C-terminal amino acids
enough for the disulfide bond to form without major show extended structure, including a short segment of parallel
structural rearrangement, which is consistent with the fact 5-sheet involving residues 129431 ands-strand 4 (residues
that both reduced and oxidized forms can coexist in the same91—93). Because of progressive cleavage of the C-terminal
crystal lattice 19). This conclusion was further confirmed tail, we were unable to carry out a full NMR structure
by our observation that the chemical shifts of amide protons determination of the full-length protein. However, we were
and nitrogens for hDim1 under oxidizing conditions are very able to record an HSQC spectrum of the intact protein, which
similar to those of the DTT-reduced protein (data not shown) allowed us to measure changes in amide nitrogen and proton
and by the observation that the CD spectra of reduced andchemical shifts associated with truncation (Figure 5). Not
oxidized hDim1 (full length) are virtually identical (data not  surprisingly, some of the largest chemical shift changes are
shown). To determine the contribution of the disulfide bond found near the cleavage site (residues-1183) and between
to protein stability, we measured the GuHCI-induced unfold- residues 80 and 95, indicating perturbations due to the loss
ing transitions of full-length hDim1 in the presence and of contacts with tail residues. However, there are substantial
absence of DTT (Figure 4). The transitions occur at similar chemical shift changes in other parts of the protein, sug-
midpoint concentration<X,), but the oxidized protein shows gesting more widespread structural perturbations.
a shallower transition (smallen value), resulting in a lower Comparison of the CD spectra for full-length hDim1 and
value for the free energy of unfoldind\G,, in the absence  hDim1;-123 shows that truncation results in significant
of denaturant (Table 2). The observed decreageGnupon changes in secondary structure (Figure 6a). Interestingly, the
formation of the disulfide bond (from 11.0 to 7.3 kcal/mol) difference spectrum (in terms of molar ellipticity) obtained
indicates that formation of the 3&9 disulfide bond is by subtracting the spectrum of the truncated form from that
energetically unfavorable. Given the reducing environment of the full-length protein exhibits a broad negative band
in the cell, the disulfide bond is therefore unlikely to be around 220 nm consistent with a significant decrease in
present under physiological conditions. Taken together, theseo-helical secondary structure on truncation (Figure 6b). Using
observations strongly support the biological evidence that the program k2D (http://www.embl-heidelberg.gdahdrade/
Dim1 function is not linked with formation of a disulfide  k2d.html), we estimate that-75% of the 14 C-terminal
bond @). residues of wild-type hDiml are in am-helical confor-

-5 2 -1
6222x10 (deg cm” dmol™ )
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Table 2: Equilibrium Parameters for GuHCI-Induced Unfolding of Dim1

Dim1 protein Cn (M) m (kcal molt M—1) AGy (kcal moi)
wt (oxidized) 3.3%0.02 2.16+ 0.11 7.32+ 0.002
wt (reduced) 3.410.01 3.24+ 0.07 11.05+ 0.01
G126D (reduced) 3.3& 0.41 2.78+1.17 9.344+ 0.48
(1-128) (reduced) 3.3%0.33 1.72+ 053 5.76+ 0.17
D1-8 (reduced) 2.59+0.01 2.92+ 0.20 7.564+ 0.002
(RBBA/KBBA)
D1-12 (reduced) 3.35+ 221 2.63+1.58 8.81+ 3.49
(R124A/K125A/R127A)

a Measured by CD at 222 nm in 50 mM sodium phosphate, pH 7.82C2@isulfide-reduced samples were measured in the presence of 2 mM
DTT. P Major transition; a four-state fit yields two additional transitions with; = 0.87 £ 0.07 M, m; = 1.64 4 0.40 kcal mot* M~2%, andCis
= 4514 0.12 M,mg = 1.15+ 0.21 kcal mot* M~

o
w
Q

Dim1

e
[N)

0 x 10”° (deg cm? dmol™)
P
|

W eighted 1H/15N shift difference (ppm)

0.1 0 -
10 -
0.0 | -20 T T T T
20 40 60 80 100 120 b 200 220 240 260 280
Residue Number 10
FiGURE 5: Differences in backbone amidél and N chemical <
shifts between hDiml,,s and full-length hDiml, expressed re)
in terms of the weighted geometric averade) (ppm) = _g
V(A6™Y24(0.17*A6™™)? plotted vs residue number. & 5
o
(@]
mation. In addition, the program AGADIR (http:// ﬁ
www.embl-heidelberg.de/Services/serrano/agadir/agadir-start.h- « 0
tml) predicts a substantial-helix content ¢60%) for a pep- 2
tide corresponding to the C-terminal segment of hDim1 c;
(LVVSPKDYSTKYRY) under conditions similar to those <
used here (pH 7.0, 278 K, and 0.1 ionic strength). Thus, in -5 v T T T
contrast to the crystal structure, the 14 residues of hDim1, 200 220 240 260 280
which extend beyond the thioredoxin-like core of the protein, Wavelength (nm)
2851%?):1 to assume a partialty-helical conformation in Ficure 6: Effect of C-terminal truncation of hDim1 on the CD

spectra. (a) Spectra (molar ellipticity) of full-length hDim1 and the
These apparently contradictory observations may be truncated form, hDimi 1,s (b) Difference spectrum (full-length
explained if the C-terminal segment is inherently flexible Minus truncated).

and can assume alternative conformations, depending on thessential function of hDim1, we generated an alanine scan
conditions and structural environment, such as crystal mytant series that systematically targeted charged residues
constraints or interactions within the splicing complex. This throughout the hDim1 coding sequence and tested each of
scenario is supported by the existence of a local unfolding these mutants for its ability to complemedtim1 null and
transition involving the C-terminal residues of hDiml dim1-35temperature-sensitive mutants3npombeResults
suggested by our CD data. It is also possible that residuesyf these analyses are summarized in Table 3.
129-131 are involved iI’}@-Sheet interactions with strand As previous'y described’ W||d_type mammalian forms of
B4, as seen in the crystal structure, while the rest of sequence,pim1 can complement both trdim1-35and dim1~ null
adopts a helical conformation. mutations inS pombe(1). It is clear from Table 3 that
Identification of Essential Residues for hDim1 Function mutants hDim1-1, -3, -6, -7, -10, -11, -13, and -14 are fully
As noted above, Dim1 proteins are evolutionarily extremely functional. In contrast, mutant hDim1-8 completely lost its
well conserved. This fact, coupled with the observation that ability to rescue either the null or temperature-sensitive alleles
hDim1 is a component of the U4/W85 tri-snRNP, suggests  under any growth conditions. Mutants hDim1-2, -4, -5, -9,
that hDim1 may be embedded in a multisubunit complex -12, and -15 showed partial rescue. hDim1-4 and -12 were
and engaged in multiple proteitprotein or proteinrRNA temperature sensitive (ts) for the ability to complement the
interactions. To determine the amino acids required for the dim1::his3allele. For hDim1-12, such ts complementation



Solution Structure and Mutational Analysis of Dim1 Biochemistry, Vol. 42, No. 32, 2003615

Table 3: Summary of Alanine Scan Mutations in Dim1 and Corresponding Complementation and Phenotypes

Rescue of
Dim1::his dim1-35
25°C 32°C
sequence no. of sequence of
mutant no. targeted residues targeted residues +B1 -B1 +B1 -B1 +B1 -B1
WT hDim1 Y Y Y Y Y Y

1 7-9 HLH2 Y Y Y Y
2 21-24 EEDR Y Y N N
3 33-35 DWD Y Y Y Y
4 40-43 KMDE Y Y N N N Y
5 50-53 EKVK N Y Y Y
6 65-68 EVPD Y Y Y Y
7 71-74 KMYE Y Y Y Y
8 86—-88 RNK N N N N N N
9 107-109 EDK Y Y N Y
10 11114 EMVD Y Y Y Y
11 122 G Y Y Y Y
12 124-127 RKGR Y Y N Y N N
13 134-135 KD Y Y Y Y
14 139-141 KYR Y Y Y Y
15 1-8 deleted N Y N Y
16° 126 G—D

2 Bold face indicates residues changed to alarfin€ee legend to Figure 7. For mutant 16, the original G126D mutation identified in the
dim1-35allele was introduced into the human hDim1 background to allow comparative evaluation versus the remaining mutations.

was only observed in the presence of thiamine (low level F, it is clear that residues shown to contribute to hnRNP F
expression). Strikingly, although hDim1-2 and -12 were able and Npw38/PQBP-1 binding overlap only partially with those
to complement the null mutation, they were unable to shown to be required for Diml's essential function(s).
complement the originally definedim1-35allele (G126D Overlap is seen in both hDim1-2 and -4 mutants. Moreover,
mutant) even with high-level expression, suggesting that a number of the sites shown to impact binding to the
these alleles were targeting an overlapping function. Con- interactors, most notably hDim1-6, have no effect on Dim1's
versely, hDim1-4 was unable to rescue the null alleldirfl, essential function(s). In short, separate sets of specific
but could rescu@im1-35 indicating the possible presence residues on the surface of the hDim1 molecule are required
of two distinct essential Dim1 activities. All other mutants to stabilize interactions with these individual partner mol-
evaluated behaved equivalently to wild-type hDim1. ecules §) and for Dim1’s essential function.

To gain additional insight into the significance of the Effect of Mutations on Structure and Stabilifyhe results
results described above, we mapped the conserved residueom our alanine scan mutant series and yeast complemen-
and the position of mutations that affected Dim1 function tation experiments show that mutants hDim1-2, -4, -8, and
on the structure of the protein (Figure 7), from which two -12 partially or completely lost their ability to rescue the
points are worth noting. First, the hDim1-2, -8, and -12 nonfunctionaldiml::his or dim1-35alleles (Table 3). We
mutations all cluster in a strongly conserved region sur- have shown by Western analysis that the steady-state level
rounding G126, the single residue that is altered (G126D) of overexpressed Lex A-fused derivatives of mutated Dim1
in the dim1-35mutant. All three mutants fail to rescue the proteins is not affecteds]. Therefore, loss of the rescue
dim1-35allele, although two (hDim1-2 and -12) are com- ability is apparently not caused by gross decrease of levels
petent to rescue the null allele at 26. It has been noted of hDim1 in the cell. To determine whether the loss in Dim1
previously (9) that residues R86, K88, R124, K125, and function is related to changes in structure and/or stability,
R127 targeted in these mutants form a basic patch likely to we used CD spectroscopy to further characterize some of
interact with a single target containing negatively charged the variants. We were able to express and purify wild-type
surfaces, such as RNA. This structufenction analysis hDim1, hDim1-8 (R86A/K88K), hDim1-12 (R124A/K125A/
supports the idea that an essential activity of the protein R127A), and the G126D mutant. The solubility of two
resides in this region. This may represent a catalytic or variants (hDim1-2 and -4) was insufficient for biophysical
binding activity. Second, the hDim1-4 mutant targets a studies.
separate face of the Dim1 molecule that is spatially far from  The far-UV—CD spectra for all mutants analyzed are
the basic pocket. As K40, D42, and E43 are also critical for nearly identical to that of the wild type (cf. Figure 6),
Dim1 function and hDim1-4 has discrete complementation indicating that the secondary structure is not significantly
phenotype, it would appear to identify a second critical site perturbed by the mutations. To determine the effect of
for Dim1. mutations on protein stability, we used the CD signal at 222

In a previous studys), we identified Npw38/PQBP-1 and nm to monitor the unfolding equilibrium as a function of
hnRNP F as hDim1l-interacting proteins and mapped residuesGuHCI. To ensure complete reduction of the disulfide bond,
in hDim1 that are important for these interactions by experiments were performed in the presence of 2 mM DTT.
combined mutational and two-hybrid analyses. Comparing Between 3 ad 4 M GuHCI, wild-type hDim1, G126D, and
the essential regions for Dim1 function with the regions hDim1-12 show a sharp change in the CD signal at 222 nm,
involved in interactions with Npw38/PQBP-1 and hnRNP corresponding to an abrupt loss in the negative band
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A. Diml1 conservation pattern

B. Rescue of dim1l and dim1-35

K109

Ficure 7: Conservation pattern and mutation effect on function for Dim1. Note: mutant phenotypes are the product of two or more amino
acid changes for each construct evaluated (see Table 3 for details). For easy comparison with the mutation effect on the interaction between
Dim1 and hnRNP F and PQBP-2)( the coordinate of the oxidized hDim1 1qW&) (vas used. (A) The evolutionary conservation of Dim1.

White, amino acid completely conserved; yellow, conservative substitutions allowed; green, variance tolerated. (B) Ristueis3
anddim1-35in S. pombeRed, no rescue; orange, partial rescue (rescue of either null or hypomorph, but not both); yellow, rescue under
conditions of high-level hDim1 mutant expression; green, rescue at all conditions tested (see Results and Discussion sections). Residues
shown in white were not mutated.

dominated by aru-helical secondary structure (Figure 8). in the case of the least stable variant, RB6A/K88A (Figure
The free energies of unfolding, determined from the midpoint 8b).

concentration@m) and slopefivalue) of the main transition Remarkably, this variant (also termed Dim1-8) shows clear
(Table 2), are nearly identical, indicating that these mutations eyidence for a third transition at denaturant concentrations
have negligible effects on stability. As in the case of wild- ahove the main transition. This complex unfolding curve,
type Dim1 (Figure 4), the mutants show small changes in which is highly unusual for a relatively small globular
ellipticity at denaturant concentrations below the onset of protein, can be fitted to a four-state model &I, < |, <

the main unfolding transition centered around 3.4 M GUHCI, N). The second transition (the major one) ha€.aof 2.6
which can be interpreted as a second transition between thev, which is significantly lower than that of the wild type
native state and a native-like intermediate. Indeed, a three-and other mutants (Table 2). Thus, the R86A/K88A mutation
state equilibrium model (4> | < N), including a partially ~ causes a major decrease in structural stability as well as loss
folded intermediate (I) in addition to the fully unfolded (U) in cooperativity of the unfolding transition. Despite the
and native (N) states, yields an excellent fit to the data. This disruptive nature of these amino acid changes, the protein
interpretation is supported by the fact that the different forms appears fully folded in the absence of denaturant, as indicated
of Dim1 studied show significant variations in their pretran- by its native-like far-UV-CD spectrum (data not shown).
sition behavior. The changes are smallest in the case of theln addition, Dim1-8 shows a highly dispersél—*H HSQC
truncated form, Dimy 1,5 (Figure 4), and most pronounced spectrum very similar to that of the wild-type protein (Figure
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Ficure 8: Effect of mutations on the foldingunfolding equilib-
rium. (&) The GuHCI-induced unfolding transition of wild-type
hDim1 (O) is compared with that of G126Dv) and the R124A/
K125A/R127A (hDim1-12{7). (b) Unfolding transition of R86A/
K88A (hDim1-8; A), along with wild-type hDim1 ©). The solid

lines represent fits of 3-state or 4-state unfolding mechanisms (see
text).
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9a). In Figure 9b, the average changes in amide nitrogen
and hydrogen chemical shifts (Dim1-8 minus wild type) are
plotted vs residue number. Significant chemical shift changes
are found only for residues at or near the site of mutations
(residues 8590) and a few residues involved in tertiary 0.0 0 A o0 a0 o 130
contacts with this region (residues-223). Residue Number

On the basis of their crystal structure, Reuter et H) ( . . .
P Ficure 9: Chemical shift changes induced by the R86A/K88/A
noted that Arg86 and Lys88 join with Arg124, Lys125, and | ‘iation of reduced hDimL1ss (2) HSQC spectrum of hDim1-

Arng? to form a .baSiC pa’[Ch. I|ke|y to interact with a target 817128 (red) p|otted together with that of the W||d_type thleS
molecule containing a negatively charged surface, such as(green). Yellow peaks indicate residues with little or no changes

RNA. Our GuHCIl-unfolding results indicate that R86 and in chemical shifts for botAHN and**N resonances. (b) Weighted
R88, located in the C terminus #8 and the N terminus of ~ geometric average of amide proton and nitrogen chemical shift
. . S differences (see Figure 5) between wild-type Dim3g and the
p4 (Figure 2), are important for maintaining a stable, rgsa/K88/A mutant.
cooperatively folded structure. Arg86 is surrounded by
several acidic residues (Glu21, Glu22, and Asp23), and its In conclusion, we have determined that the dominant
replacement with Ala may disrupt important electrostatic negative Dim1 (hDimi-;,g) forms the thioredoxin-like core
interactions. This is consistent with the fact that some of of Dim1. The C-terminal extension of Dim1, whose removal
the largest chemical shift perturbations associated with thelargely affects the basic region of the wild-type protein, is
R86A/R88A mutations are found for residues in the loop required for its function). Mutagenesis and yeast comple-
region containing residues 223 (Figure 9). Thus, the loss  mentation studies indicate that residues involved in the basic
of rescue ability in hDim1-8 can result from the fact that patch are important for Dim1 function. If the basic patch is
mutation of Arg86 and Lys88 disrupts a basic patch also involved in interactions with other splicing factors (e.g., Prp6
involving residues Arg124, Lys125, and Arg127. However, and other components of the tri-snRNP) or with RNA in
we cannot rule out the possibility that the decrease in conjunction with other splicing subunits, our data suggest
structural stability and disruption in the cooperativity of the that Dim1 plays an important role in general pre-mRNA
folding/unfolding transition contributes to the functional splicing. Our structural and thermodynamic studies further
defects. show that (1) the carboxyl-terminal 14 amino acids can

(=]
-

Weighted "H/"®N shift difference (ppm)
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assume multiple conformations in the solution, (2) in addition 14.

to the5-strand formed by residues 12931, as seen in the

crystal structure, it is likely that the rest of the sequence
adopts a helical conformation, and (3) structural flexibility
of the C-terminal segment is likely to be important for the

biological function of hDim1. 16.
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