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The intrinsically disordered RNR inhibitor Sml1 is a dynamic dimer
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2Structural Biology and NMR Laboratory, Department of Biology, University of Copenhagen, Ole
Maaloes Vej 5, DK-2200 Copenhagen N, Denmark;
3Department of Molecular Biology and Skaggs Institute for Chemical Biology, The Scripps Research
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Abstract
Sml1 is a small ribonucleotide reductase (RNR) regulatory protein in Saccharomyces cerevisiae that
binds to and inhibits RNR activation. NMR studies of 15N-labeled Sml1 (104 residues), as well as
of a truncated variant (residues 50-104), have allowed characterization of their molecular properties.
Sml1 belongs to the class of intrinsically disordered proteins with high degree of dynamics and very
little stable structures. Earlier suggestions for a dimeric structure of Sml1 were confirmed and from
translation diffusion NMR measurements a dimerization dissociation constant of 0.1 mM at 4 °C
could be determined. The hydrodynamic radius for the monomeric form of Sml1 was determined to
be 23.4 Å corresponding to a protein size in between a globular protein and a coil. The dimer
formation results in a hydrodynamic radius of 34.4 Å. The observed chemical shifts showed in
agreement with previous studies two segments with transient helical structure, residues 4-20 and
60-86, and relaxation studies clearly showed restricted motion in these segments. A spin label
attached to C14 showed long range interactions with residues 60-70 and 85-95, suggesting that the
N-terminal domain folds onto the C-terminal domain. Importantly, protease degradation studies
combined with mass-spectrometry indicated that the N-terminal domain is degraded before the C-
terminal region and thus may serve as a protection against proteolysis of the functionally important
C-terminal region. The dimer formation was not associated with significant induction of structure,
but was found to provide further protection against proteolysis. We propose that this molecular
shielding and protection of vital functional structures from degradation by functionally unimportant
sites may be a general attribute of other natively disordered proteins.
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The suppressor of Mec1 lethality (Sml1) is a small ribonucleotide reductase (RNR) regulatory
protein in Saccharomyces cerevisiae that binds to and inhibits RNR activation. The highly
conserved RNR reduces the ribonucleotides to deoxyribonucleotides necessary for DNA
synthesis and in yeast it is a heterotetramer of one homodimer, the R1 and the heterodimer R2-
R4 proteins (1,2). Sml1 binds specifically to the R1 component of RNR in a one-to-one
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stoichiometry with a dissociation constant in the low micromolar regime (3,4) and at an RNR
R1:Sml1 ratio of 1:1 50% inhibition is achieved (3). RNR is particularly active during the S-
phase of the cell cycle. Its activity is regulated on different levels. In S. cerevisiae one of the
regulatory mechanisms is via Sml1. First, the expression level of Sml1 is decreased during the
S-phase of the cell cycle (5,6). Second, a posttranslational modification of Sml1, i.e. by
phosphorylation of one or more of the serines S56, S58 and S60, leads to degradation of Sml1,
and this constitutes a second level of regulation (5,7). S60 seems to be the most potent
regulation site, since it is phosphorylated to the greatest extent of the three. Sml1 regulation of
RNR activity is not only seen during normal DNA synthesis but also as a response to DNA
damage (5,8,9).

Sml1 is a small protein of 104 residues, and its sequence (shown in Figure 1A) suggests that
it is mostly unstructured and belongs to the group of intrinsically disordered proteins (IDP)
(10,11). Sml1 has however been suggested to adopt transient structures in three regions along
the chain, two in the N-terminal part of the protein, involving residues 4-14 and 20-35, and
one in the C-terminal part involving residues 61-80. Between these more structured regions
the polypeptide chain is essentially random in structure (12). The regions 4-14 and 61-80 have
high propensities to adopt transient α-helical conformation, although no well defined helical
structures have been determined. Mutation/deletion-studies of Sml1 suggest that the C-terminal
helical region is important for Sml1 inhibition of RNR (12). Helix breaking mutations inside
this region, such as S75P, reduce the inhibitory effect of Sml1 significantly. However,
mutations outside the helical region, but still in the C-terminal region also decrease Sml1
inhibitory efficiency significantly. Together with the observation that replacement of the C-
terminal F104 for a Leu leads to a considerable reduction in inhibition, this suggests that a
large part of the C-terminus of Sml1 is important for its inhibitory function. Even a short peptide
with the same sequence as the nine C-terminal residues of Sml1 inhibits RNR activity to some
extent. In contrast, deletion of several N-terminal parts of Sml1 had no effect on RNR R1
inhibition (12), indicating that the N-terminal region is probably not important for Sml1
function.

Sml1 has been suggested to form a stable dimer and initially a disulphide bridge was assumed
to form between C14 of the monomers (7). However, mutation studies showed that a dimer
was formed even in the absence of the cysteine, suggesting the presence of important
intermolecular non-covalent interactions. Since truncation of the outermost 20 N-terminal
residues reduced and even eliminated the presence of dimers (13), the N-terminal part of Sml1
may control this process.

IDPs are an important group of proteins, typically involved in regulation of transcription,
translation and cell signaling (10). Upon interaction with functional partners, which themselves
may be folded or unfolded, IDP domains frequently undergo binding-coupled folding (10).
The induced structure is often directly related to structural propensities already present in the
unbound disordered state. Nuclear magnetic resonance spectroscopy (NMR) is the method of
choice for structural and dynamical characterization of such disordered peptide chains
(14-17), and the results can mostly be substantiated by information obtained by other
biophysical methods such as circular dichroism, fluorescence and mass spectrometry (18-19).

Previous NMR studies have shown that the peptide backbone of Sml1 has two regions (4-14)
and (61-80) with high α-helix propensities, and relaxation studies have shown that the backbone
structure is highly flexible at pH 7.0 with S2 order parameters all below 0.6 (12). The two
helices were suggested to interact with each other and to run anti-parallel. By mapping solvent
protected side chains of Sml1, it was also suggested to adopt a solvent-excluding three-
dimensional structure (20). However, no detailed analysis was reported of the structural and
dynamical characteristics of Sml1 in solution and no information regarding details of the
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dimerization of Sml1 has been reported. In this work, we have characterized in detail the
structure and dynamics of Sml1 using a variety of biophysical methods. We have also
specifically studied and characterized the dimerization in terms of the dissociation constant
and have identified residues important for dimerization. Furthermore we have resolved a likely
biological role of the N-terminal region.

It is a challenge to couple the structural susceptibilities and the dynamic properties of a protein
to its functional state, particularly when the functional bound state is not yet known, as for
Sml1. Here we have used truncation as a strategy to correlate the structural and dynamical
properties of Sml1 to its function. This is important in the ongoing work to understand Sml1
binding and inhibition of RNR, and to the understanding and subsequently the manipulation
of the potential regulation of eukaryotic RNR.

EXPERIMENTAL PROCEDURES
Protein expression and purification

The S.cerevisiae WT SML1 gene was cloned into the pET-3a vector between the restrictions
sites BamH1 and Nde1. In order to control the cloning was correct, the plasmid was cut by the
restriction enzymes BamH1 and Nde1 and PCR amplification of the insert was performed.
BL21(DE3) and BL21(DE3) pLysS competent E.coli cells were used for the IPTG induced
expression of Sml1 from vector pET-3a. Recombinant wild type Sml1 and the studied variants
of Sml1 were expressed as described by Chabes et al (3). Cells were harvested after 4 hours
by centrifugation, resuspended in 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, and lysed by
sonication 3 × 30 sec on ice. The cells were centrifuged at 20.000 × g for 25 min at 4°C. Proteins
in the supernatant were precipitated by adding solid ammonium sulphate to 25% saturation at
0°C (136 g/l) and centrifuged at 12.000 × g for 15 min at 4°C. The supernatant was carefully
removed, and the pellet dissolved in 10 mM Tris-HCl, pH 8.0 (RPC-buffer A). Further
purification was done using reverse phase HPLC with application of a SOURCE 15 RPC ST
4.6/100 column. Aliquots of protein were injected onto the column, and Sml1 eluted in a linear
gradient in RPC-buffer B (10 mM Tris-HCl pH 8.0, 60% MeCN), increasing from 25-60 %B
(v/v) over 10 column volumes, flow rate 1 ml/min.

Spectroscopic methods
All experiments were performed at 4°C and pH 7 (6.9-7.4) in 10 mM phosphate buffer. Cα,
CO, N and HN chemical shifts of 13C and 15N labeled Sml1 were recorded at pH 7, 4 °C and
0.6 mM concentration using standard 15N-HSQC, HNCA, HN(CO)CA, HNCACB,
CBCACONH, HN(CA)CO and HNCO experiments on a Varian Inova 800 MHz spectrometer
equipped with a cryogenically cooled triple resonance probe. Spectra were processed using
nmrPipe and analyzed using the programs Sparky (T. D. Goddard and D. G. Kneller, SPARKY
3, UCSF) and Pronto (21).

Diffusion experiments were performed using a PFG-LED sequence with a gradient pre pulse
(22-23) on a Varian Inova 750 MHz spectrometer. The 1H signal intensity was determined at
24 linearly spaced gradient strengths and the attenuating intensity was fitted to a modified
Stejskal-Tanner equation where nonlinearities in the gradient field profile are accounted for
(24-25). The signal intensity was measured on methyl groups and aromatics separately. The
diffusion delay was 150 ms and the gradient pulses was 5 ms. The hydrodynamic radius was
calculated using Stokes-Einstein’s expression, and was determined three times at each
concentration. The dilution series was performed using a high concentration sample that was
diluted in several steps, and the diffusion coefficient was determined after a 1-2 h delay,
necessary to achieve an equilibrium state. The fitting routine was performed using MATLAB
(Mathworks, Natick, MA, USA). The gradient was calibrated using the HDO and αcyclodextrin
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diffusion at 4°C (10.5 10-10 and 1.46 10-10 m2/s respectively). The concentration dependence
of the hydrodynamic radii were fitted to a model with an equilibrium between monomer, M,
and dimer, D, assuming that the exchange between these states is fast on the diffusion timescale,

(1)

The dissociation constant, KD, is the ratio of the equilibrium concentrations of monomers and
dimers.

(2)

Here C0 is the total protein concentration and pmonomer is the monomer population. At each
concentration the population of monomer can be determined as the weighted mean of the
observed diffusion coefficient.

(3)

By combining equations 1-3 and determining Dobs at several concentrations C0, KD,
Dmonomer and Ddimer may be obtained from a nonlinear fit. This was performed using
MATLAB.

The relaxation experiments were performed using standard HSQC sequences and at three
different fields 500 MHz (Bruker Avance, Karlruhe, Germany), 600 and 800 MHz (Varian
Inova, Palo Alto, CA, USA) proton frequency field. The signal attenuation, from 10 different
relaxation delays, was fitted to a single exponential decay and the relaxation rates were
determined. The relaxation rates were determined at high protein concentration, 0.7 mM.

Paramagnetic relaxation enhancement experiments were performed as described earlier and
Sml1 was spin labeled with MTSL as described (26). The labeled and the unlabeled fractions
were separated using reverse phase high pressure liquid chromatography. The MTSL spin label
was reduced using four times molar excess of ascorbic acid and readjusting pH.

Determination of hydrodynamic radius by gelfiltration
Samples of WT-SMl1 were analyzed at different concentrations (9.8 mM and 0.8 mM) using
an ÄKTA HPLC purifier on a pre-packed Superdex G75 10/300 Tricorn High performance
column with a Vt of 24 mL with a 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, flow rate 0.5 ml/
min. The column was calibrated using ovalbumin (43 kDa, 30Å), myoglobin (17 kDa, 17Å),
BSA (66 kDa, 35.5 Å) α-chymotrypsinogen A (25 kDa, 20.9Å) and ribonuclease A (13.7 kDa,
16.4Å), as well as blue dextran (V0) and acetone (Vt). KAV was calculated from KAV=(Ve-
V0)/(Vt-V0), where Ve is the elution volume of each protein.

Protease resistance
Protease K and trypsin proteomics grade was purchased from Sigma Aldrich (St Louis, MO,
USA) and used without further purification. The protease K assays were carried out in 50 mM
Tris-HCl pH 8, 5 mM CaCl2 at room temperature. Protease K was added to protein samples
in a molar ratio 1:10000. Aliquots of the protein-protease K mixture were withdrawn after
varying delays, and the reaction stopped by adding PMSF to a final concentration of 5 mM.
Aliquots were analyzed using SDS-PAGE. Limited trypsin digestion was carried out in 100
mM NH4HCO3, pH 7.4 at room temperature. Trypsin was added to the protein samples in a
molar ratio of 1:2000. Aliquots of protein-trypsin mixture were withdrawn after 0, 5, 10, 20 or
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40 min, and the reactions stopped by adding TFA to a final concentration of 1 % (v/v). Samples
were analysed with SDS-PAGE or MALDI-TOF MS.

MALDI-TOF MS
1 μl of 20 μM digest was mixed with 1 μl HCCA (10 mg/ml in 50% (v/v) MeCN, 0.1% (v/v)
TFA) and spotted on a MTP 384 ground steel TF target plate by the dried droplet method.
Spectra were recorded on a Bruker Daltonics Autoflex II TOF mass spectrometer in linear
positive mode. An average of 100 shots was recorded. Calibration was performed with quadric
calibration of either protein calibration standard 1 or peptide calibration standard (both
purchased from Bruker Daltonics). Spectra were analysed with MoverZ (Proteometrics, Inc).
Primary sites were identified from two corresponding fragments giving the full sequence.

RESULTS
Structural characterization

A number of NMR spectroscopy experiments were performed in order to elucidate the residual
secondary structure of Sml1 and the oligomeric state of the protein. The 1H,15N-heteronuclear
single quantum correlation (HSQC) spectra of Sml1 at a wide range of concentrations were
well resolved; cross-peaks corresponding to 96 of 99 non-proline residues have been assigned.
The assignment is in general agreement with earlier findings (12) with a few exceptions. The
small spectral width of the amide signals of Sml1 clearly indicates that the protein is mainly
unfolded as was predicted also from the sequence properties.

Hydrodynamic dimensions of Sml1
From the hydrodynamic radius it is possible to distinguish between the presence of folded and
unfolded protein in a sample (16,27-28) and between monomeric and dimeric protein. It has
been suggested that Sml1 exists as a dimer (13). Assuming that the protein is in equilibrium
between monomeric and dimeric states and that the exchange between these states are fast at
the diffusion time scale, NMR pulsed field gradient (PFG) diffusion experiments in a dilution
series should give direct evidence on such an equilibrium (24,27-28). Figure 1B shows the
attenuation curves from Sml1 at 4 °C in D2O at two different concentrations, 550 μM and 25
μM. It is immediately clear that Sml1 diffuses significantly faster at low concentration. We
performed a dilution series, and determined the hydrodynamic radius at several concentrations.
The results are presented in Figure 1C. These data fit well to a model with a monomer-dimer
equilibrium using three fitted parameters, the hydrodynamic radius 23.4 ± 1 Å for the monomer,
and 34.4 ± 0.5 Å for the dimer, and a dissociation constant Kd = 93 ± 25 μM (Table 1).

The hydrodynamic radius obtained for the monomer of Sml1 is significantly smaller than the
RH ≈ 29.4 Å expected for an unstructured protein with the size of Sml1 (27). A folded monomer
with mass 11.8 kDa is expected to have RH ≈ 18.8 Å. This suggests that the monomer of Sml1
exhibit some globular structure, but with few contributions from well defined secondary
structure. This globularity is presumably due to intermittent tertiary interactions in the
monomeric state. The expected hydrodynamic radius of a totally unfolded dimer with mass
2×11834 Da is 41 Å and for a compactly folded dimer we expect RH ≈ 23.2 Å. The obtained
value for the Sml1 dimer falls in between these calculated values. Assuming that the dimer is
formed by two relatively unstructured monomers the expected increase in hydrodynamic radius
is approximately 21/2. The experimentally obtained increase is 1.47, and is in good agreement
with the expected increase factor (27).

Size exclusion chromatography was used to also estimate the hydrodynamic dimensions of
Sml1 (Figure 2S). Loading the column with high concentration leading to dilution on the
column into both monomer and dimer, WT-Sml1 eluted as two peaks, corresponding to 33 Å
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and 23 Å, respectively, which is in good agreement with the results from the diffusion
experiments.

Chemical shift analysis
Chemical shifts are very sensitive probes of secondary structure (29-32). One strategy in the
chemical shift analysis is to compare the obtained chemical shifts with a reference value for a
random coil. The chemical shift assignments were re-performed at high protein concentration
(above 0.6 mM) with a dimer fraction of approximately 80 %.

The secondary chemical shifts analysis, Figure 2, suggests the presence of two helical regions
in Sml1. One is located in the central part of the protein, and involves residues 60-86. A second
region is located in the N-terminal part and includes residues 4-20 in agreement with previous
observations (12). The maximum 15N-secondary chemical shift in each helical region show a
systematic four residues shift towards the C-terminus compared to the carbon shifts. This may
indeed reflect hydrogen bonding between COi -HN

i+4 as present in an α-helix. This has also
been observed in the unfolded state of the all-helical protein ACBP (33). The effect is most
prominent in the helical region of residues 60-86 but it is observed also in the N-terminal helix,
and may reflect transient hydrogen bond formation. A third region of Sml1 involving residues
30-45 shows by both scales chemical shifts distinctly deviating from random coil shifts. This
region exhibits a different behavior than the other two transient helical regions and it is not
straightforward to conclude the precise nature of the transiently formed structure in this region.

In order to quantify the secondary structure propensity a secondary structure propensity (SSP)
analysis were performed, following the procedure described by Marsh et al (34). The SSP
analysis was performed using both the carbon shifts alone and using all available secondary
chemical shifts and the results are shown in Figure 2, bottom panel. The SSP-analysis shows
that the helix propensity in the region 60-80 is very high, and almost corresponds to a fully
formed helix. Interestingly, the region 33-45 has SSP-values corresponding to β-sheet
propensity. From the SSP-analysis the helix- and β-population may be estimated, and we found
that Sml1 is 14% helical and has 2% β strand.

The chemical shift analysis of Sml1 does however not suggest a well defined structure, but
rather shows localized populations of residual secondary structures in distinct parts of Sml1 in
solution.

NMR relaxation
Regions with experimental evidence of populations adopting secondary structure are expected
to exhibit slower dynamics than truly unfolded regions. The NMR relaxation phenomenon is
directly linked to both the local and global dynamics of the protein (35-36). R1, R2 

15N NMR
relaxation measurements combined with steady state heteronuclear 15N NOEs were used to
obtain information on the dynamical properties of Sml1. The relaxation rates and NOEs were
determined at three different magnetic fields, 11.74, 14.09 and 18.79 T. The results from 14.09
T are shown in Figure 3. The average relaxation rates at the different fields are shown in Table
2.

The R2 values reveal three regions with higher R2 relaxation rates, and two of these regions
are evident also in the R1 data. The region involving residues 60-86 has the highest R2-values,
as high as 13 s-1 at 14.09 T, but also the two N-terminal regions 4-20 and 25-45 exhibit
relaxation faster than average with rates up to 11 s-1. The NOE values are all above 0 and the
pattern is similar as for the relaxation rates with higher NOE values for these three regions.
Heteronuclear NOEs are very sensitive to local mobility, and reduced NOEs, i.e. larger values,
typically indicate restricted motion. Taken together, these data indicate that the three regions
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involving residues 4-20, 25-45 and 60-86 have less disorder and that they are separated by
regions with higher mobility. The C-terminal end of the protein has a higher mobility than the
N-terminus.

The dimerization interface
We studied the dimerization interface further using dilution series and induced spectral
changes. Lowering the protein concentration drives the monomer-dimer equilibrium towards
a higher monomer fraction. The induced chemical shift changes presumably reflect the regions
of the protein that are involved in the dimerization. Figure 4 shows the induced chemical shift
changes of the 1HN and 15N resonances induced upon dilution of the sample from 480 μM to
30 μM, corresponding to a decrease of the dimer fraction from close to 0.7 to 0.2. Here one
region shows significant changes, involving residues around residue 60 to residue 80,
corresponding to the region with the highest helix propensity. There are also some general
changes mainly involving the two regions centered on residues 10 and 35, also identified as
regions with populations of transient structure. The sign of the chemical shift change suggest
an increase in secondary structure propensity suggesting that dimer formation stabilizes the
transient secondary structure.

The signal intensity change upon diluting Sml1 was also studied and the relative changes in
signal intensity after dilution of Sml1 from 480 to 30 μM are shown in Figure 4B. The signal
intensity is generally increased for the diluted sample suggesting a lower molecular weight and
a faster overall tumbling rate. The region 45-60 however shows significant higher increase in
intensity, suggesting that these regions exhibit a higher gain in mobility upon dissociation of
the dimer. This region corresponds to the highly mobile region in between the more structured
parts of Sml1.

Long range interactions in Sml1
Long range interactions in Sml1 were examined by the application of spin labeled Sml1 studied
by paramagnetic relaxation enhancement (PRE) measurements. C14 was used to label the
protein with MTSL, according to standard methods (26). 1H, 15N-HSQC spectra were recorded
with the spin label in a paramagnetic and in a diamagnetic state, respectively. The cross-peak
intensity changes are related to the relaxation enhancement which depends on the inverse sixth
power of the distance between the amide nitrogen-proton vector and the spin label. Figure 5
shows the PREs calculated from the paramagnetic/diamagnetic ratios of the cross peak intensity
per residue. As expected residues sequentially closest to the spin label are broadened beyond
detection, but there are (at least) two additional regions that are affected, residues 60-70 and
85-95. For Sml1 the general broadening effect is closely correlated to the amide proton
exchange rate and hence the peak intensity in the 1H, 15N-HSQC spectra. The two regions
described above, however, fall outside this correlation and seem to originate from long range
interactions within the protein (Supplementary Figure 1S).

To distinguish if the PREs observed are either intra- or intermolecular, spin labeled 14N-Sml1
was mixed with 15N-Sml1 without spin label. No significant line broadening was observed in
the 15N-Sml1 HSQC spectrum suggesting strongly that the observed spin label induced PREs
are intramolecular. Interesting, changes in chemical shifts on 15N-Sml1 as a result of reduction
of the MTSL label on 14N-Sml1 were however observed for residues around 70. This suggests
that this region may be involved both in intra and inter-molecular interactions within Sml1
(data not shown).

A rigorous treatment of the PRE data should include several spin-label positions as well as an
ensemble simulation (37). The present data suffers from the fact that the spin-label has only
been introduced at one site of the protein, i.e. at the single native cysteine, C14. However, the
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PRE data are in good agreement with our results obtained from other methods. As seen directly
from the PRE data the N-terminus is close to two regions in the C-domain. This indicates that
Sml1 has a transient overall folded structure where the N-terminal domain folds onto and caps
the C-domain. This is in agreement with the relatively small hydrodynamic radius of Sml1
(23.4 Å) measured by diffusion, as described above.

NMR studies of a truncated variant of Sml1
The N-terminal domain may be defined to consist of residues 1-49 and the C-terminal domain
to consist of residues 50-104. The C-terminal fragment Sml1(50-104) was obtained and studied
by NMR, both in order to determine the oligomeric state and to measure the transient secondary
structure population of this inhibitory effective fragment.

The nitrogen secondary chemical shifts of Sml1(50-104) showed a similar pattern as the C-
terminal domain of the full length WT Sml1. The C-terminal fragment has a high population
of transient helical structure in a region spanning residues 53-70, suggesting that Sml1(50-104)
has similar helical properties as in the wild type protein. The transient helical region has similar
length in wild type and Sml1(50-104), while the region is shifted towards the N-terminus in
Sml1(50-104) (data not shown).

To define the oligomeric state of Sml1 (50-104) the concentration dependence of the
translational diffusion coefficient was studied. The dimerization of WT Sml1 was shown above
to involve residues in both the N-terminal and C-terminal part of Sml1, and thus the fragment
(50-104) was not expected to form dimers with the same specificity as the wild type. Figure
1B also shows that the diffusion coefficient of Sml1(50-104) displays only weak concentration
dependence. The diffusion coefficient of Sml1(50-104) corresponds to a hydrodynamic radius
RH = 19.9 Å, and suggests that Sml1(50-104) has a more extended, random structure with some
transient secondary structure regions, as shown with chemical shift analysis.

The central helical region involving residues 60-86 is crucial for Sml1 inhibition of RNR R1
(12) and this give rise to the question of the role of the N-terminal domain, if not important for
function. The N-terminal domain has two regions with significant populations of secondary
structure which suggest that also this domain has a role in Sml1 overall function.

Protease resistance of Sml1 and Sml1(50-104)
In order to study the importance of the N-terminal domain of wild type Sml1 we performed
protease degradation studies of both the wild type Sml1 and the N-terminally truncated variant,
both at monomeric and dimeric concentrations. In separate studies protease K or trypsin were
added to stock solutions of Sml1 or of Sml1(50-104) at low protein concentration. The
degradation of the proteins were followed over time and analyzed by SDS-PAGE and MALDI-
TOF mass-spectrometry (MS), Figure 6. The degradation produces several distinct fragments,
manifested as clear-cut bands in the gel, Figure 6A. It is clear that the degradation resistance
of the wild type Sml1 is significantly stronger than for the shorter variant and we qualitatively
estimate the degradation time to be at least four times the degradation time of the truncated
variant Sml1(50-104), Figure 6A. From the limited trypsin digestion of wild type Sml1, we
observe fragments resulting only from the N-terminal domain, whereas fragment resulting from
cleavage in the C-terminal domain were not seen. For the Sml1(50-104) we distinctly observe
degradation fragments resulting from cleavage in the C-domain, which were not observed for
wild type Sml1 at the same time point, Figure 6C. Independently, the protease K and the trypsin
digestion data suggest that the N-terminal domain protects the C-domain of Sml1 from
degradation and may provide an explanation as to why the N-terminal region has been
conserved in evolution.
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We also performed degradation studies of the full length protein at two different concentrations
to determine the effect of dimerization on the degradation rate. Figure 6B shows the degradation
of wild type Sml1 at 20 and 200 μM corresponding to approximately 20 and 60 % of Sml1
dimers, respectively. The degradation of the sample with high dimer concentration is
significantly slower as seen when comparing qualitatively the intensities of the degradation
fragment bands to the non-degraded band intensity. The low concentration sample Sml1
(mainly monomeric) degrades approximately four times faster than the high concentration
sample Sml1 (mainly dimers), suggesting that the formation of dimers significantly protects
the protein from degradation. Apart from delayed degradation, the only difference in the
cleavage patterns in relation to dimerisation as analyzed by limited trypsin digestion and
MALDI-TOF MS was seen at residue 13, which was only observable as cleavage point at low
protein concentration.

DISCUSSION
We present here a structural characterization of the intrinsically unfolded protein Sml1 and
show that even in the absence of well defined secondary structures, Sml1 adopts a tertiary and
globular fold where the N-terminal domain folds onto and caps the C-terminal domain in a
protease protective way. A structural sketch is shown in Figure 7. For the sake of clearness we
represent the transient structural regions as pronounced lines and we refer to these regions as
helical or structured, although these structural elements are highly transient.

The hydrodynamic radius of Sml1 as determined by PFG-NMR and size exclusion
chromatography suggests that Sml1 does not behave as a random coil or as an extended
unfolded protein. The small hydrodynamic radius suggests that Sml1 adopts a loosely folded
structure. This is in agreement with earlier suggestions that Sml1 adopts a loose overall tertiary
structure (12,20). This is also supported by the PRE data which indicate long range contacts
between the N-terminal domain and the regions 60-80 and 85-95, and is also suggested from
the chemical shift analysis of the 50-104 fragment. There is no evidence of a well defined
overall structure and we suggest transient but specific capping of the C-domain by the N-
domain. The PRE data of disordered proteins shall be interpreted with caution. The distances
in a highly mobile system should be considered as distributions of distances rather than fixed
distances. Also, the amide proton relaxation rates and the amide proton exchange rates are
expected to vary significantly along the polypeptide chain in a highly dynamical protein. The
amide proton exchange rate is reflected by the signal intensity in the HSQC spectrum, and we
used this effect to be able to separate the significant PREs from those mainly affected by amide
proton exchange effects. Despite all these interpretation problems arising from the dynamic
features of a disordered protein, the PRE data is in good agreement with the relaxation and
diffusion data, and thus the two long range contact regions found here are considered
significant.

The induced changes in chemical shifts upon dimerization as shown in Figure 4 suggest that
the dimerization does not induce any significant change in the monomeric structure of Sml1.
Our findings that the most affected residues 60-80 is involved in specific dimerization is in
apparent disagreement with earlier findings that the dimerization site is located in the 1-20
region (13). However, as the N-terminal domain, and especially the helical region 4-20, is
important for the overall fold of Sml1, as described above, deletion of this region can be
expected to affect dimerization indirectly. This suggests that the N-terminal region of Sml1 is
important for dimerization. However, the largest impact on chemical shifts is seen in the region
60-80, and we therefore proposes the following model; for specific dimerization-interactions
to occur Sml1 has to fold, i.e. the N-terminal has to cap the C-terminal. The dimerization leads
to stabilization of the transient secondary structures of Sml1. The dimerization together with
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the induced stabilization then restricts the mobility of the flexible region 45-60, leading to a
reduction in NMR signal intensity from these residues.

We were able to show that both the dimerization and the N-domain capping of the C-domain
protect Sml1 from degradation. The N-terminal domain capping decreases the degradation rate
by a factor of four and protects specific cleavage sites in the C-domain as seen by MALDI-
TOF MS. This leads to a model where the C-domain is the inhibition domain and the N-domain
is a shield, a molecular aegis, for the functional sites, protecting these from degradation.
Dimerization serves an additional and significant protection from protease degradation. This
is interesting and to our knowledge a novel finding, since functional dimerization giving rise
to protection from degradation has hitherto not been frequently observed in IDPs, although
non-functional dimerization has been observed (38), as well as disordered proteins that fold
upon dimerization (39). In a recent paper Simon et al. show that the IDP UmuD2 forms stable
homo-dimers, however with significant gain of structure (40). This is in contrast to what we
observe here. We propose that the molecular shielding and protection of vital functional
structures from degradation by functionally unimportant sites may be a general attribute of
others IDPs.

The protective role of the N-terminal may be used in the regulation of Sml1 function by the
yeast cell. When RNR activity is needed, e.g. as a response to DNA damage, phosphorylation
of serines 56, 58 and/or 60 is induced. This may perturb long range interactions within Sml1
and increase degradation which results in an increased amount of free, active RNR. This
strategy to use phosphorylation as a regulation has been shown also in other unfolded proteins
(10 and references therein).

Our data leads to a model of Sm1l function and provides an explanation for the observation
that Sml1 forms dimers. The dissociation constant for Sml1 dimerization is relatively high
suggesting that the biological relevance may be questioned. However, at translation the local
concentration of Sml1 may be high enough to promote dimerization and this may then be an
effective protection against degradation directly after translation. After translation Sml1 can
be assumed to be more diluted and this may shift the equilibrium towards a higher population
of monomers. In order to protect against degradation the N-terminal domain is folded onto the
C-terminal domain. However, the C-domain may have to be uncapped in order to be able to
bind specifically to the subunit R1 of RNR. This may provide an explanation to why the protein
does not form a tight and well-defined structure. In order to enable interaction between the
helical region (60-86) and the binding site on R1, the N-domain may need to rearrange and
expose the helical region.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
Sml1, suppressor of Mec1 lethality
RNR, ribonucleotide reductase
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IDP, intrinsically disordered protein
NMR, nuclear magnetic resonance
HSQC, heteronuclear single quantum correlation
PFG, pulsed field gradient
NOE, nuclear Overhauser effect
SSP, secondary structure propensity
PRE, paramagnetic relaxation enhancement
MTSL, (1-oxyl-2,2,5,5-tetrametyl-3-pyrroline-3-methyl)-methanethiosulfonate
MS, mass-spectrometry
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Figure 1. Hydrodynamic radii of Sml
(A). Amino acid sequence of Sml1. (B) Signal attenuation curves from 1H-PFG-NMR
translational diffusion measurements of Sml1 at two different concentrations, filled circles;
550 μM, open circles; 25 μM, at 278 K. The lower panel shows the residuals after fitting
attenuation data to the modified Stejskal-Tanner equation described in the method section. (C)
The concentration dependence of the hydrodynamic radius, calculated from the diffusion
coefficients, of the full length wild type Sml1 (open circles) and the truncated Sml1(50-104)
(closed circles). The curves are generated from a simple two-state model where three
parameters are fitted, RH(monomer), RH(dimer) and KD.
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Figure 2. Secondary chemical shifts
(A-C) Secondary chemical shift of Sml1 relative to random coil values (41). (D) SSP-analysis
performed as described by Marsh et al. (34). Values close to 1 corresponds to fully formed α-
helix and values close to -1 correspond to fully formed α-sheet.
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Figure 3. Relaxation properties of Sml1
15N-relaxation data of 0.7 mM Sml1, pH 7.2 in 10 mM phosphate buffer, 278 K. The data
shown are R1, R2 and NOE at 600 MHz proton frequency. Missing data points are due to poor
resolution and/or unstable data fit.
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Figure 4. Dimerization interface of Sml1
(A). Induced chemical shift changes of 1HN and 15N upon dilution of Sml1 from 0.48 mM to
30 μM in 10 mM phosphate buffer, pH 7.2, 278 K. The values are averaged over 5 residues.
The most prominent changes are seen in the region involving residues 60-80, suggesting
involvement in the dimerization, but also residues in the region of the N-terminal helix are
affected. (B) The relative change in signal intensity upon dilution of the sample from 0.48 mM
to 30 μM. The values are averaged over 5 residues. Here the highly mobile region 45-60 is
most affected suggesting that this region increases its mobility upon dissociation from dimeric
to monomeric state.
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Figure 5. Long-range interactions in Sml1
Paramagnetic relaxation enhancement of Sml1 after selective spin labeling of C14 with MTSL.
Two regions show long range interactions with the N-terminal, the regions 60-75 and 85-95.
The solid line represents the expected value of the PREs for a Gaussian random coil. This was
calculated by creating 10000 gaussian excluded volume bead-on-a-string chains, with an
excluded volume diameter DV=5 Å, parameterised to yield hydrodynamic radius
corresponding to a classic random coil.
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Figure 6. Protection of Sml1 from protease degradation
SDS-PAGE following the Protease K degradation of (A) wild type Sml1 and Sml1(50-104) at
20 μM as a function of time (minutes), showing slower degradation rate for the full length
protein when compared to the N-terminally truncated Sml1(50-104). Note that the first time
point for the wt Sml1 is missing due to precipitation (B) Sml1 at two different concentrations
corresponding to a high (200 μM, 69% dimer) and a low (20 μM, 31 % dimer) population of
dimers. The degradation experiment shows that the dimer is significantly slower degraded
suggesting that dimerization also protects the protein from degradation. (C) Tryptic cleavage
sites in Sml1(monomer), Sml1(50-104) and Sml1(dimer) as observed by MALDI-TOF MS
from limited trypsin digestion at 40 min of reaction. Possible trypsin cleavage sites in the
sequences are indicated with vertical lines above the residues. *sites observed in monomeric
Sml1 at 20 μM, ¤ sites observed in dimeric Sml1 (200 μM) and # sites observed in Sml1
(50-104) at 20 μM. The lines below the sequences show partial structured region with helix
populations marked in black and mixed structure in white.
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Figure 7. A naïve structural model of Sml1
A simple structural sketch of the backbone of Sml1 providing a naïve model which is in
agreement with present data. The lines show partial structured region with helix populations
marked in black and mixed structure in white. The structural propensities are not absolute, and
thus, we choose to represent the structure using this naïve model.
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TABLE 1
Measured and theoretically estimated (21) hydrodynamic radii of monomeric and dimeric Sml1.

Monomer [Å] Dimer [Å]

Experimental 23.4 34.4

Theoretical unfolded 29.4 41

Theoretical folded 18.8 23.2
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TABLE 2
Relaxation data. Averaged relaxation data for R1 and R2 at the three magnetic fields.

Magnetic field (T) R1 (s-1) R2 (s-1)

11.74 1.8 ± 0.1 7.4 ± 2.7

14.09 1.8 ± 0.2 8.4 ± 2.9

18.79 1.7 ± 0.2 9.4 ± 3.4
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