
Improved Identification of SUMO Attachment Sites Using C-
terminal SUMO Mutants and Tailored Protease Digestion
Strategies

James A. Wohlschlegel1,3, Erica S. Johnson2, Steven I. Reed3, and John R. Yates III1
1Department of Cell Biology, The Scripps Research Institute, La Jolla, CA 92037

2Department of Biochemistry and Molecular Biology, Thomas Jefferson University, Philadelphia, PA 19107

3Department of Molecular Biology, The Scripps Research Institute, La Jolla, CA 92037

Abstract
A growing number of biological processes have been found to be regulated by the covalent attachment
of the ubiquitin-like protein SUMO to key cellular targets. A critical step in the process of analyzing
the role of SUMO in regulating the activity of these proteins is the identification of the lysine residues
that are targeted by this modification. Unfortunately, current methods aimed at mapping these
attachment sites are laborious and often ineffective. We report here the development of a platform
that combines the use of different C-terminal SUMO mutants with different protease digestion
strategies to enable the rapid and efficient identification of SUMO attachment sites. We successfully
apply this approach to several model SUMO substrates as well as to a mixture of SUMO conjugates
purified from Saccharomyces cerevisiae. Although we specifically employ this strategy for the
identification of SUMO attachment sites in yeast, this general approach can easily be adapted to map
the sites of conjugation for other ubiquitin-like proteins from a wide range of organisms.

SYNOPSIS—This manuscript describes the development of a method that utilizes different SUMO
mutants in combination with different digestion strategies and mass spectrometry to identify SUMO
attachment sites in substrates. The utility of this method is demonstrated through the identification
of modification sites in several model SUMO substrates as well as in complex mixtures. This
approach can also be adapted to map conjugation sites for other ubiquitin-like proteins in various
organisms.

Introduction
The post-translational modification of proteins by ubiquitin and ubiquitin-like proteins (UbLs)
has emerged as a critical regulatory mechanism by which the activity of any given protein and
its associated biological process can be modulated 1, 2. One such UbL is the small ubiquitin-
related modifier, SUMO. The covalent attachment of SUMO, or Smt3p in budding yeast, to
lysine residues of intracellular proteins has been shown to regulate a wide range of cellular
functions including gene expression, chromatin structure, signal transduction, and the
maintenance of genome integrity. Despite its key role in these processes, the exact function of
SUMO conjugation in these cases is still poorly understood and remains a topic of active
investigation.
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Progress in understanding the function of SUMO conjugation had been hindered in part by
difficulties in identifying sumoylated substrates that serve as effectors for the SUMO-mediated
regulation of biological processes. A number of recent proteomic studies by our group and
others have provided significant advances in this area with the identification of hundreds of
new putative substrates, many of which have known roles in processes that have been shown
to be regulated by SUMO 3-12. That work has set the stage for the in-depth characterization
of this plethora of new SUMO targets in order to begin to understand the functional
consequences of their sumoylation.

The well-established experimental paradigm for studying the effect of a post-translational
modification on the activity of a protein is to identify the site of modification, mutate the site
to a chemically similar but non-modifiable amino acid, and then assess the ability of the mutant
protein to carry out its biological function. Although this approach has been successfully
applied to the study of a number of sumoylated targets, it has also been limited by difficulties
in quickly and efficiently identifying SUMO-attachment sites in the target of interest 13-15.
In most cases, the mapping of SUMO-attachment sites has been performed by the laborious
process of systematically mutating all lysines that conform to a previously identified sequence
motif for SUMO attachment that can be directly recognized by the SUMO-conjugating enzyme
Ubc9p. While most of the experimentally determined sites of SUMO conjugation conform to
this consensus sumoylation motif of ψ-K-X-E/D, where ψ is a hydrophobic residue and X is
any amino acid residue, many exceptions have also been identified, further complicating the
process of localizing the exact site of modification 13, 14. Alternatively, methods utilizing
mass spectrometry to directly identify SUMO modification sites have also been successfully
applied 3, 16-18. Unfortunately, these strategies also face many technical challenges that have
limited their ability to efficiently detect sites of SUMO conjugation.

In this work, we describe a method for the identification of SUMO attachment sites in cellular
proteins. This method utilizes different SUMO mutants in combination with various protease
digestion strategies followed by detection using mass spectrometry to directly and specifically
map the locations of the modified lysine residues. We successfully demonstrate the utility of
this method through the identification of SUMO modification sites in an assortment of
previously characterized SUMO substrates as well as complex mixtures. More importantly,
this strategy provides a conceptual framework that can be easily adapted to map the conjugation
sites for other UbLs from diverse organisms.

Experimental Procedures
Construction of Smt3p Mutants

Smt3p-I96K, Smt3p-I96R, Smt3p-G97K, Smt3p-G97R, and Smt3p-FacX were constructed
using polymerase chain reaction (PCR) and primers encoding the appropriate mutations and
restriction sites and subsequently cloned into pET28a (Novagen) for expression in E. coli and
into the previously described pRS315-PGAL-His6Flag-Smt3p expressing plasmid19. The
presence of mutations were confirmed by standard DNA sequencing methods.

In Vitro Sumoylation Assay
His6-Uba2p, His6-Aos1p, His6-Smt3p, and His6-Ubc9p were expressed and purified as
previously described 19, 20. His6-Smt3p mutants were expressed in E. coli from pET28a
expression vectors and purified using Nickel-nitriloacetic acid (Nickel-NTA) according to the
manafacturer’s instructions (Qiagen). LacI, Cdc3p, Cdc11p, and Pol30p were cloned into a
variant of pGEX-2T using PCR and primers containing appropriate restriction sites. GST-LacI,
GST-Cdc3p, GST-Cdc11p, and GST-Pol30p were expressed in E. coli and purified using GSH-
agarose according to the manafacturer’s instructions (GE Healthcare). Small-scale in vitro
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sumoylation reactions were performed in a total reaction volume of 20 μL and contained 50
mM HEPES-KOH, pH 7.5, 150 mM NaCl, 10 mM MgCl2, 5 mM ATP, 0.5 μg of His6-Uba2 /
His6-Aos1p, 1.25 μg of His6-Ubcp9, 2.5 μg of wild-type His6-Smt3p or mutant His6-Smt3p,
and 1 μg of GST-tagged substrate, where indicated. These reactions were incubated at 30°C
for different periods of time, stopped by the addition of 20 μL of 2X Laemmli buffer, and
analyzed by immunoblotting with α-GST antisera (Santa Cruz Biotechnology). Large-scale
reactions were performed in 200 μL total volume with all reaction components scaled up
accordingly. Large-scale reactions were incubated 12-18 hours at 30°C and stopped by the
addition of 10 μL of 0.5M EDTA. The GST-tagged substrate was purified from this reaction
using GSH-agarose, digested with the appropriate proteases, and analyzed by mass
spectrometry as described below.

Reconstitution of SUMO Conjugation Pathway in E. coli
PCR using primers containing the appropriate restriction sites was used to clone the coding
sequences for Uba2p and Aos1p into the pACYC-Duet expression vector (Novagen). UBA2
was cloned into the first multicloning site (MCS1) in-frame with the N-terminal His6 tag while
AOS1 was cloned into the second multicloning site (MCS2) in-frame with the C-terminal S-
tag. Similarly, UBC9 was cloned into MCS2 of pRSF-Duet in-frame with the C-terminal S-
tag while the coding sequence for wild-type Smt3p, Smt3p-I96K, or Smt3p-I96R was cloned
into the MCS1 site of the same vector and in-frame with the N-terminal His6 tag. pAYCY-
Duet-Aos1p/Uba2p and pRSF-Duet-Ubc9p/Smt3p(wild-type or mutant) were then
transformed into BL21(DE3) with a pGEX plasmid that expressed the substrate of interest. A
BL21(DE3) carrying all three plasmids was grown to an OD590 ∼ 0.5, induced by the addition
of IPTG to a final concentration of 100 μg/mL, and incubated for 12-18 hours at 30°C before
harvesting. The GST-tagged was subsequently purified using GSH-agarose (GE Healthcare)
according to the manafacturer’s instructions, digested using the appropriate proteolytic
digestion strategy, and then analyzed by mass spectrometry.

Purification of Smt3p-conjugates from S. cerevisiae
Smt3p-conjugates were purified from either the previously described yeast strain expressing
HisFlag-tagged wild-type Smt3p from a galactose-inducible promoter (GAL10) or derivative
strains expressing mutant versions of Smt3p in the same manner 13, 19. Details for the
purifications have been described elsewhere 10, 13.

Proteolytic Digestion of Samples
Lys-C and trypsin digestions were performed as previously described 21. Arg-C digestions
were performed according to the manafacturer’s instruction at a enzyme:substrate ratio of 1:20
(Roche). Sequential digestions using Lys-C and either Asp-N or Glu-C were performed by
digesting the sample in buffer containing 8M Urea and 100 mM Tris-HCl, pH8.5, at an
enzyme:substrate ratio of 1:20 for 4 hours at 37°C, diluting the digestion to a final concentration
of 2M Urea using 100 mM Tris-HCl, pH 8.5, adding Asp-N or Glu-C to an enzyme:substrate
ratio of 1:20 and then incubating for four additional hours at 37°C. Digests were acidified by
the addition of formic acid to a final concentration of 5% before analysis by mass spectrometry.

Identification of Smt3p-modification sites using Mass Spectrometry
Peptide digests were analyzed by Multidimensional Protein Identification Technology
(MudPIT) using a Thermofinnigan LTQ ion trap mass spectrometer as previously described
10, 22, 23. Data collection for the analysis of sumoylated Pol30p was performed using both
data-dependent and data-independent directed MS/MS acquisition strategies. Data-dependent
analysis consisted of one full MS scan (m/z range = 400-2000) followed by MS/MS scans of
the eight most abundant precursor ions from the full MS scan. The directed MS/MS approach
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was described in Flick et al. and involved sequentially and cyclically collecting MS/MS from
3 m/z windows centered on the following m/z values: 1910.3, 1273.9, 1724.8, 1150.2, 1317.6,
878.7, 1132.1, 755, and 1087 24. These m/z values correspond to the +2 and +3 ions of
LMDIDADFLK(+484)IEELQYDSTLSLPSSEFSK, the +2 and +3 ions of LMDIDADFLK
(+114)IEELQYDSTLSLPSSEFSK, the +2 and +3 ions of DLSQLSDSINIMITK(+484)ETIK,
the +2 and +3 ions of DLSQLSDSINIMITK(+114)ETIK, and the +2 ion of
IEELQYDSTLSLPSSEFSK, respectively. Database searching was performed using the
SEQUEST algorithm (version 2.7) and considered the appropriate differential modification
masses 25. All database searches were performed using a database consisting of all yeast open
reading frames downloaded from the Saccharomyces Genome Database on March 26, 2005.
Peptide identifications were filtered using DTASelect 25-27.

Results and Discussion
Mass spectrometry-based approaches for identifying the site of UbL conjugation to a target
protein are based on monitoring a diagnostic mass signature corresponding to a specific tag of
several amino acids that remains covalently attached to the target lysine after digestion of the
modified protein by trypsin. In the case of ubiquitin, for example, digestion of an ubiquitinated
protein by trypsin results in a diglycine (-GG) tag from the C-terminus of ubiquitin remaining
covalently linked to the target lysine residue of the tryptic peptide spanning the modification
site (Figure 1)28, 29. The presence of this diglycine tag on the modified lysine residue leads
to a +114 Da increase in the mass of the peptide that can be readily monitored using mass
spectrometry. The fragmentation spectra of these modified peptides can be identified using
database search algorithms that consider the mass of the modified lysine residue.

Although this strategy can also be applied to the identification of SUMO-attachment sites, the
different amino acid sequence at the C-terminus of SUMO can complicate this approach. For
example, in the case of Smt3p in Saccharomyces cerevisiae, digestion of a sumoylated protein
with trypsin does not result in a diglycine tag as was the case for ubiquitin. Instead, a longer
amino acid sequence (-EQIGG) remains attached to the modified lysine after digestion (Figure
1). This longer amino acid tag results in a mass shift of +484 Da and has been successfully
used in several studies to identify the sites of modification in a sumoylated protein 3, 16.

During our previous work analyzing SUMO-conjugates affinity purified from budding yeast,
we observed that the identification of the Smt3p attachment sites using the diagnostic +484 Da
mass shift present after tryptic digestion was inefficient and resulted in the successful
identification of very few sites compared to analogous studies we have performed identifying
ubiquitination sites in mixtures of ubiquitin-conjugated proteins. We hypothesized two primary
reasons to account for this inefficiency: (1) the longer sequence tag on the modified peptides
interfered with their efficient identification and (2) the stoichiometry of sumoylation is often
very low (<1%) so that sumoylated proteins are present only in very low quantities in our
samples. In this work, we describe the results of several approaches focused on addressing
these problems in order to create a platform for the efficient identification of Smt3p-attachment
sites.

C-terminal Smt3p Mutants
In order to address the problem of having a long amino acid sequence tag, we generated a series
of C-terminal Smt3p mutants that introduced either a tryptic cleavage site or a FactorXa site
closer to the C-terminus of Smt3p. The mutants that were constructed and the diagnostic mass
signature left after protease digestion are shown in Table 1. These mutants were then examined
in several different experimental systems in order to assess whether or not they improved our
ability to identify Smt3p attachments compared to wild-type Smt3p.
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In Vitro Sumoylation System
We attempted to resolve the problem of having extremely low stoichiometries of sumoylated
proteins in our sample by establishing an in vitro system that could generate a large amount of
any given sumoylated substrate. In addition to being able to produce large amount of
recombinant sumoylated protein, this in vitro system must also be able to transfer the different
Smt3p mutants we constructed to substrates and must retain the specificity of in vivo
sumoylation events (i.e. acceptor lysine residues that are modified by Smt3p in vivo should
also be modified in the in vitro reaction). Although in vitro sumoylation systems have been
described in past work, the ability of those systems to meet these latter two requirements has
never been extensively examined 30, 31.

To establish a system for in vitro sumoylation, we first expressed and purified from E. coli
recombinant versions of the proteins required for SUMO conjugation: His6-Smt3p, His6-
Uba2p, His6-Aos1p, and His6-Ubc9p. A reaction containing these proteins as well as ATP was
capable of promoting the time-dependent formation of poly-Smt3p chains during incubation
at 30°C suggesting that these recombinant proteins possess Smt3p-conjugating activity in
vitro (Fig. 2A, lanes 5-7). Importantly, control reactions lacking either Smt3p, the
heterodimeric Smt3p-activating enzyme Uba2p/Aos2, the Smt3p-conjugating enzyme Ubc9p,
or ATP did not display Smt3p conjugation activity (Fig 2A, lanes 1-4).

To test the ability of this in vitro sumoylation reaction to utilize the different Smt3p mutants
described in Table 1, we next expressed and purified His6-tagged versions of these mutant
proteins and assayed their ability to form poly-Smt3p chains in vitro. As shown in Fig 2B,
Smt3p-WT, Smt3p-I96K, and Smt3p-I96R were efficiently converted into poly-Smt3p chains
while Smt3p-G97K, Smt3p-G97R, and Smt3p-FacX were not effectively utilized in this assay.

In addition to testing whether or not these Smt3p mutants could be incorporated into poly-
Smt3p chains, we also wanted to assess their ability to be conjugated to bona fide Smt3p targets.
To this end, we expressed and purified GST-Cdc11 from E. coli. Cdc11 is a septin involved
in bud growth and cytokinesis during the budding yeast cell cycle and also a well-established
target of sumoylation 13. When Cdc11p was added to the in vitro Smt3p reaction, we found
that wild-type Smt3p as well as Smt3p-I96K and Smt3p-I96R could be conjugated to Cdc11
while the other mutants failed to do so (Figure 2C). These results confirm that the ability of
these mutants to form poly-Smt3p chains as described in Fig. 2B is a good indication of
functionality and led us to conclude that Smt3p-I96R and Smt3p-I96K are capable of
substituting for wild-type Smt3p in in vitro trans-conjugation reactions while the other mutants
cannot be utilized by the Smt3p conjugation machinery.

To further establish the specificity of our in vitro sumoylation system, we examined its ability
to sumoylate two other known in vivo substrates of sumoylation, GST-Cdc3p and GST-Pol30p,
as well as two negative control proteins, GST and GST-LacI, that would not be expected to be
sumoylated 13, 14, 32. Figure 2D shows that Smt3p is actively conjugated to GST-Cdc3p and
GST-Pol30p but not to GST and GST-LacI.

Together, the results of these experiments demonstrate that our in vitro Smt3p conjugation
system is capable of incorporating wild-type Smt3p as well as the Smtp3-I96K and Smt3p-
I96R mutants into several different physiological targets of sumoylation (Cdc11p, Cdc3p,
Pol30p) in a specific manner. This ability to generate significant quantities of sumoylated
protein overcomes one of the major difficulties encountered in identifying the sites of Smtp3-
conjugation in different cellular targets as outlined previously.

In contrast to the ubiquitination machinery, it is important to note that the in vitro conjugation
of Smt3p to substrates does not require the presence of SUMO E3 ligases 33, 34. Previous
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work on the SUMO conjugation machinery that included high-resolution structural studies
concluded that the SUMO acceptor site (I/V/L-K-X-D/E) was recognized directly by Ubc9p
and the role of SUMO E3 ligases in the process was to increase the effective concentration of
the substrate relative to Ubc9p 35, 36. In the in vitro system described here where both the
SUMO conjugation machinery and the substrate are present at high concentrations, the addition
of yeast SUMO ligases (Siz1p, Siz2p, and Mms21p) did not significantly increase the
efficiency of the reaction (data not shown).

One drawback of our in vitro sumoylation system is that the cloning, expression, and
purification of each component of the SUMO conjugation machinery including the different
mutants as well as the substrates of interest is laborious and time-consuming. As a rapid
alternative approach, we also attempted to reconstitute the pathway for yeast Smt3p
conjugation in E. coli. This approach is based primarily on a recently published strategy for
producing large amounts of sumoylated thymine DNA glycosylase by coexpressing it in E.
coli with the rest of the SUMO conjugation machinery 37, 38. We performed the analogous
experiment using the pDUET bacterial expression system (Novagen) which facilitates the co-
expression of up to eight different proteins using four different plasmids that each contain a
unique selection marker and origin of replication as well as two separate T7-based expression
cassettes. This system allowed us to simultaneously express Uba2p/Aos1p, Ubc9, wild-type
or mutant versions of Smt3p, and a GST or MBP tagged substrate of interest in E. coli. By co-
expression of the Smt3p conjugation machinery with the substrate in E. coli, we found that a
significant amount of Smt3p could be conjugated to the substrate of interest, which could then
be purified directly from bacterial extracts. Large amounts of recombinant protein conjugated
to either wild-type Smtp3 or mutant Smt3p can be generated very quickly using this approach
and only one protein has to be purified compared to the large number of components that must
be purified separately for the in vitro conjugation system. Our implementation of this strategy
which utilizes the pDUET expression system potentially offers greater flexibility than the other
published approaches using this method in that the expression of additional components such
as SUMO E3 ligases can be easily incorporated into the system.

Identification of Smt3p Attachment Sites in Substrates Sumoylated In Vitro
After the establishment of a system for the production of large quantities of sumoylated protein,
we next attempted to compare the efficiency with which we could identify the sites of Smt3p
modification using either wild-type Smt3p or the Smt3p mutants, I96K and I96R. Recombinant
GST-Pol30p modified by either Smt3p-WT or Smt3p-I96K was digested with trypsin and
analyzed by LC-MS/MS. Since previous studies had identified K127 and K164 as the two in
vivo sites of SUMO modification for Pol30p, we repeatedly collected MS/MS spectra
corresponding to the predicted m/z ratio of +2 and +3 versions of the modified tryptic peptides
containing each of these sites 14. As described previously in Table 1, modified peptides were
predicted to have the mass of the unmodified peptide +484 Da when conjugated to wild-type
Smt3p and +114 Da when conjugated to Smt3p-I96K. Spectra collected from these experiments
were then analyzed using the SEQUEST algorithm and considered the appropriate mass shifts.
The number of spectra identified for each peptide is shown for the K127 site in figure 3A and
for the K164 site in figure 3B. In both cases, significantly more spectra were identified when
using the Smt3p-I96K mutant than when using wild-type Smt3p. Importantly, the ability of
the I96K mutant to increase the efficiency with which these modified peptides can be identified
cannot be attributed to differences in the relative quantity of Pol30p-Smt3p-WT and Pol30p-
Smt3p-I96K since both immunoblotting (Fig. 2E) and the comparison of spectral abundance
for unmodified peptides (Fig. 3C) show the amount of modified Pol30p to be approximately
equal between the two samples. We also observed similar results when these two samples were
analyzed using data-dependent acquisition strategy instead of the directed MS/MS strategy
described above.
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After establishing that using the Smt3p-I96K mutant significantly increased our ability to
identify Smt3p modification sites, we then focused on trying to understand the basis for this
improvement. We first examined the MS/MS spectra of the Pol30p-K127 site modified with
wild-type Smt3p or Smtp3-I96K to determine if differences in fragmentation of the two
peptides could account for the difference in identification efficiency. Representative spectra
from these two peptides are shown in Figure 3D and show no dramatic changes in the
fragmentation pattern. Additionally, average Xcorr and ΔCN values were unchanged between
the two peptides suggesting that the SEQUEST algorithm could identify both spectra equally
well (Supplementary Data). Together, these data suggest that differences in fragmentation do
not account for the increased ability to identify Smt3-I96K modified peptides.

We next compared the intensity of the precursor ions for the modified peptides to determine
whether intensity differences could potentially explain the improvements in sumoylated
peptide identification. Figure 3E shows the normalized intensities of the precursor ions for both
the +2 and +3 charge states of the wild-type and I96K modified Pol30p-K127 peptides as well
as two other unmodified peptides from Pol30p. We find that the Smt3p-I96K modified peptide
for K127 show a 5-10 fold increase in the intensity of the precursor ion compared to the wild-
type modified peptide while both unmodified peptides display no significant differences in
intensity. This large increase in the intensity of the precursor ions containing the smaller mass
signature of the Smt3p mutants is one likely reason behind the increased identification
efficiency of the Smt3p-I96K modified peptides.

Although the physical basis for the increased intensity of the mutant-derived precursor ions is
not clear, we believe that two possibilities are likely. One possibility is that larger mass
signature of the wild-type peptides (-EQIGG) undergoes a higher degree of in-source
fragmentation in the mass spectrometer compared to the small mass signature of the mutant
peptide (-GG) so that the intensity of the wild-type peptide is distributed over a series of
precursor ions corresponding to in-source fragments thus effectively lowering the intensity of
the primary precursor ion from which the modified spectra were obtained. A second possibility
is that is the smaller size of the mutant-derived peptides shifts the charge envelopes of those
peptides down to lower charge states relative to the wild-type peptides. Since most peptide
identification algorithms only consider charges states of +3 or less when analyzing MS/MS
spectra, a shift in the charge envelope of the mutant-derived peptides to lower charge states
would increase the intensity of the +2 and +3 precursor ions from which our peptide
identifications are obtained and thereby increase our ability to identify the modified peptide.
Evidence supporting the idea that the charge envelope of the Smt3p-I96p modified peptides
has been shifted relative to Smt3p-WT modified peptides is shown in Figure 3F. The data in
this figure clearly indicate that the ratio of +2 to +3 spectra is much higher for the mutant-
derived peptide identifications compared to the wild-type peptide identifications and is
consistent with a shift to lower charge states.

Although in-source fragmentation and a shift to a lower charge states represent potential
possibilities as to why the Smt3p-I96 mutant peptides are more readily identified than the wild-
type peptides, it is important to note that these explanations are largely unsubstantiated and
thus speculative in nature and future work characterizing the biophysical properties and
fragmentation patterns of these branched-chain peptides is essential to gain a more complete
understanding of this process.

Digestion Strategies for Identification of Smt3p Attachment Sites
After establishing the ability of the Smt3p I96K and I96R mutants to improve the identification
of modification sites, we next explored the possibility of coupling the use of these mutants to
different digestion strategies to (1) enable mapping of Smt3p attachment sites difficult to
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identify using traditional mass spectrometric approaches and (2) generate SUMO-specific
diagnostic mass signatures that can be differentiated from other UbLs.

One example of a SUMO attachment site difficult to identify using mass spectrometry is K412
found near the carboxy terminus of the budding yeast septin Cdc11. As shown in Figure 4A,
this region is lysine-rich and the modified peptide predicted to arise from tryptic digestion is
a small and unusual branched-chain peptide. The fact that the size of the branch corresponding
to the diagnostic wild-type SUMO fragment is nearly as large as the portion of the peptide
generating the sequence-specific fragment ions would likely make it difficult to identify using
a differential modification search of +484 Da on the modified lysine. Not surprisingly, when
we purified large amounts of GST-Cdc11p modified with wild-type Smt3p using our in vitro
sumoylation system, digested it with trypsin, and then analyzed it by LC-MS/MS, we were
unable to identify any spectra corresponding to this modified peptide. Alternatively, if we were
to purify GST-Cdc11p modified with Smt3p-I96R and then digest the modified protein with
Arg-C, then a peptide predicted to be more amenable to mass spectrometry and database
searching would be generated. We confirmed this prediction by identifying 40 spectra
corresponding to this modified peptide from a LC-MS/MS analysis of the sample. This example
clearly illustrates how utilizing different combinations of Smt3p mutants and protease digestion
strategies can facilitate the identification of Smt3p attachment sites in regions of the protein
that might otherwise be difficult to analyze.

One potential disadvantage of using the Smt3p-I96K/R mutants for the identification of
modification sites is when the sample being analyzed also contains ubiquitylated proteins. As
diagrammed in Figure 4B, the digestion of a protein modified with either ubiquitin or a Smt3p-
I96K/R mutant leaves an identical diglycine tag (+114 Da) on the modified lysine after
digestion with trypsin making these modified peptides indistinguishable. To circumvent this
problem, we have developed a strategy for generating a SUMO-specific mass signature that
can be distinguished from ubiquitin by modifying proteins with the Smt3p-I96K and digesting
them with either Lys-C or sequentially with Lys-C and a second enzyme such as Glu-C or Asp-
N (Figure 4B). In this case, digestion of the modified protein by Lys-C will generate a +114
Da fragment that is specific for SUMO-modified peptides but not for ubiquitinated peptides.
Since LysC-only digests often generate peptides that are too large to be easily identified by
MS/MS, a second enzyme such as Glu-C or Asp-N can also be added to generate smaller
peptides that still retain the diglycine branch. To test this strategy, we examined our ability to
identify the K127 SUMO attachment site in Pol30p after its modification by either wild-type
Smt3p or Smt3p-I96K and digestion with either Lys-C alone or Lys-C followed by Asp-N. As
shown in Figure 4C, we identified six and five spectra corresponding to the predicted SUMO-
modified peptides generated by Lys-C digestion (LMDIDADFLK(+114)
IEELQYDSTLSLPSSEFSK) and Lys-C / Asp-N digestion (DFLK(+114)IEELQY),
respectively. These data clearly demonstrate our ability to identify sumoylated peptides when
using alternate digestion strategies aimed at generating SUMO-specific mass tags. To further
confirm the specificity of this protease digestion strategy, we also attempted to analyze
ubiquitinated Pol30p, but were unable to obtain enough of the modified protein for the study.
Nonetheless, our preliminary results attest to the feasibility of this strategy for differentiating
between ubiquitinated and sumoylated peptide.

An important point worth highlighting regarding the strategy of combining a set of SUMO
mutants with strategies utilizing different proteases is its ability to be a generalized approach
for mapping modification sites of other Ubls. This potential can be readily recognized when
examining a sequence alignment of the C-termini of several ubiquitin and ubiquitin-like
modifiers from humans (Figure 4D). For example, the tryptic digestion of a protein modified
by ubiquitin, Nedd8, or ISG15 would result in the same 114 Da diglycine tag being present on
the modified peptide and make it impossible to distinguish between these three modifiers.
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Mutation of the most C-terminal arginine to lysine for one of these modifiers, however, would
enable mapping of the modification site using a lys-C based digestion strategy as described
above. Human SUMO1 or FAT10 have no tryptic cleavage site in their C-terminus leaving no
straightforward method for identifying their attachment sites. Introduction of a tryptic or other
protease cleavage site into this C-terminus would enable a mass signature diagnostic of those
modifiers to be generated upon digestion with the appropriate enzymes. Indeed, Gocke et al.
recently showed that the introduction of a tryptic cleavage site into the C-terminus of SUMO1
permitted the mapping of a SUMO-1 modification site in RanGAP1 18.

Identification of in vivo Smt3p Modification Sites
In addition to their use in in vitro assays, we also tested whether the Smt3p mutants we created
could be used to map Smt3p attachment sites in vivo. First, we analyzed the ability of the Smt3p
mutants to be incorporated into cellular substrates in vivo. A His6-Flag-tagged version of each
mutant on a centromeric plasmid and under the control of a galactose-inducible promoter was
expressed in yeast and protein extracts made from these mutant strains were immunoblotted
with α-Smt3p antiserum to assess their incorporation into substrates (Figure 5A). Wildtype
Smt3p as well as Smt3p-I96K and Smt3p-I96R were efficiently attached to cellular targets
while Smt3p-FacX was weakly incorporated and Smt3p-G97K and Smt3p-G97R were unable
to modify proteins to any significant extent. Importantly, the pattern of conjugates between the
I96K/R mutants and wild-type appear to be quite similar suggesting that the same spectrum of
targets are modified. These results are consistent with our in vitro analysis in which only Smt3p-
I96K and Smt3p-I96R are efficiently utilized by the SUMO conjugation machinery. These data
are also supported by complementation studies in budding yeast where only Smt3p-I96K and
Smt3p-I96R could complement a deletion of the SMT3 gene which is essential for viability
(data not shown).

Although the pattern of conjugates between wild-type Smt3p and the Smt3p-I96K/R mutants
looked similar, we also checked to make sure that these mutants could be effectively
incorporated into a known substrate. This was tested by expressing HisFlag-Smt3p-WT and
HisFlag-Smt3p-I96R in a yeast strain expressing a TAP-tagged version of Cdc11p. Smt3p-
conjugates were purified from these two strains using Ni-NTA chromatography and assayed
for the presence of Cdc11p in the pool of Smt3p-conjugated proteins. Figure 5B shows that
both wild-type Smt3p and Smt3p-I96R were efficiently conjugated to Cdc11p under these
conditions.

Since the Smt3p-I96R mutant could be effectively incorporated into cellular targets of
sumoylation, we next attempted to analyze the pool of Smt3p-I96R conjugates using a shotgun
proteomics approach (MudPIT) in order to identify Smt3p-modified peptides from the mixture.
Briefly, Smt3p-conjugates were purified using Ni-NTA chromatography from strains
expressing either wild-type Smt3p or Smt3p-I96R, digested with trypsin, and analyzed by
MudPIT. Modified peptides were identified using database search strategies that considered
+484 Da for peptides modified by wildtype Smt3p and +114 Da for Smt3p-I96R. The results
are shown in Figure 5C where 22 modified peptides were found in the Smt3p-I96R sample
while only 7 modified peptides were identified from the wild-type Smt3p sample. A complete
listing of these peptides can be found in the supplemental data. It is important to note that
several of the sumoylation sites identified in the wild-type sample (-EQIGG) were not
identified in the mutant sample (-GG). Although we believe that this likely results from
incomplete sampling of these low abundance branched chain peptides in the two samples (a
common feature in shotgun proteomic experiments), it could also reflect other, as of yet not
understood, differences in the biophysical behavior of these two classes of peptides.
Nonetheless, this improved ability to identify Smt3p-I96R-modified peptides compared to
wild-type Smt3p-modified peptides is consistent with our in vitro results and suggests that
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mutant peptides are working in an analogous fashion in vivo. Importantly, this difference cannot
be attributed to higher amounts of Smt3p-conjugates in the Smt3p-I96R sample since more
unmodified peptides were identified in the wild-type Smt3p sample than in the mutant Smt3p
sample (7463 peptides compared to 6370 peptides).

As described earlier, distinguishing sumoylation sites from ubiquitination sites can be difficult
when using the Smt3p-I96R mutant since the diagnostic mass signature of 114 Da is identical
for SUMO and ubiquitin modified peptides. Although we cannot rule out the possibility that
some of the SUMO-modified peptides from the Smt3p-I96R sample are actually ubiquitin-
modified peptides, we have taken a number of steps to minimize this possibility. First, the
purification specifically enriches for sumoylated proteins so the vast majority of peptides
containing this mass signature are likely to come from bona fide SUMO targets and not trace
amounts of co-purifying ubiquitinated factors. Second, we only considered a peptide to be
sumoylated if it was derived from the list of 271 proteins we have previously shown to be
SUMO substrates 10. Finally, those modified peptides bearing the +114 Da mass tag and found
in both the wild-type and I96R purifications were likely to be ubiquitinated and filtered out of
the final list of sumoylated peptides. Strong evidence that these filtering strategies were
successful includes the observation that most of the remaining sumoylated peptides were either
previously identified as sites of sumoylation (Pol30p, Cdc3p, Shs1p) or conformed to the
known consensus sequence for SUMO attachment.

It is important to note that we also tried to map SUMO modification sites in vivo using the
Smt3p-I96K mutant and the LysC-based digestion strategies described earlier. These
experiments were unsuccessful, however, due primarily to difficulties in purifying sufficient
amounts of Smt3p-I96K conjugated proteins as a result of the lower degree of incorporation
of the Smt3p-I96K mutant compared to either wild-type Smtp3 or Smt3p-I96R. As such, future
work focusing on improving the conjugation efficiency of this mutant and scaling-up the
biochemical purification of SUMO conjugates will be required to improve the utility of this
mutant in identifying in vivo sumoylation sites.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic for identification of attachment Sites for ubiquitin and Smt3p
Digestion of a ubiquitinated protein with trypsin leaves a diagnostic diglycine tag with a mass
of 114 Da attached to the modified lysine and that can be monitored by mass spectrometry.
Digestion of a protein modified by Smt3p with trypsin leaves a sequence tag of EQIGG which
corresponds to a mass increase of 484 Da.
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Figure 2. Establishment of an in vitro sumoylation system
(A) An in vitro reaction containing the Smtp3-conjugation machinery is able to catalyze the
formation of poly-Smt3p chains. Reaction mixtures containing the indicated components were
incubated at 30°C for the indicated times and then analyzed by SDS-PAGE followed by
immunoblotting with α-Smt3p antisera to monitor the time-dependent formation of poly-Smt3p
chains.
(B) Wild-type Smt3p, Smt3p-I96K, and Smt3p-I96R were effectively incorporated into poly-
Smt3p chains in vitro by the Smt3p conjugation machinery. In vitro reactions containing the
Smt3p-conjugation machinery and different Smt3p mutant proteins were assayed by
immunoblotting for the ability of each mutant to form poly-Smt3p chains in a time-dependent
fashion.
(C) Wild-type Smt3p, Smt3p-I96K, and Smt3p-I96R were conjugated to GST-Cdc11p by the
Smt3p conjugation machinery. SDS-PAGE followed by immunoblotting with α-GST antisera
was performed to examine the ability of different Smt3p mutant proteins to modify the model
substrate, GST-Cdc11p, in an in vitro reaction containing the Smt3p-conjugation machinery,
the indicated Smt3p mutant proteins, and GST-Cdc11p.
(D) Smt3p is efficiently conjugated in vitro to known substrates. GST-Cdc3p and GST-Pol30p,
but not to control proteins, GST or GST-LacI. In vitro Smt3p-conjugation reactions were
performed to test the ability of Smt3p to modify GST, GST-LacI, GST-Cdc3p, and GST-
Pol30p. SDS-PAGE followed by immunoblotting with α-GST antisera was used to measure
the incorporation of Smt3p into the different substrates.
(E) Sumoylation of GST-Pol30p in E. coli strains expressing the Smt3p conjugation machinery
in conjunction with either wild-type Smt3p or Smt3p-I96K. Protein extracts were made from
an E. coli strain co-expressing GST-Pol30p with His6-Uba2p, S-tagged-Aos1p, S-tagged-
Ubc9p, and either His6-Smt3p-WT or His6-Smt3p-I96K as well as a control strain expressing
only GST-Pol30p. Samples were analyzed by SDS-PAGE and immunoblotting with α-GST
antisera to monitor the ability of Smt3p-WT and Smt3p-I96K to be conjugated to GST-Pol30p
during expression in E. coli.
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Figure 3. Comparison of mass spectrometry-based identification of Smt3p-attachment sites in
Pol30p when conjugated to either wild-type Smt3p or Smt3p-I96K
(A-C) The identification of peptides (+2 and +3 charge states) spanning the (A) K127 and (B)
K164 sumoylation sites of GST-Pol30p is more efficient for peptides modified by Smt3p-I96K
(+114 Da) than those modified by wild-type Smt3p (+484 Da) while (C) unmodified peptides
are identified equally well. GST-Pol30p sumoylated by either Smt3p-WT or Smt3p-I96K was
digested by trypsin and analyzed using the directed MS/MS strategy as described in the
Experimental Procedures. Spectra were identified using SEQUEST considering appropriate
masses for the modified lysine. The number of peptide identifications shown is the average of
three independent experiments.
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(D) Representative spectra of the sumoylated peptides spanning the K127 site of Pol30p and
containing either the -EQIGG tag from Smt3p-WT (left) or the -GG from Smt3p-I96K (right).
(E) Normalized intensities of Pol30p-K127 sumoylated peptides and unmodified control
peptides derived from GST-Pol30p conjugated to either Smt3p-WT or Smt3p-I96K. Intensity
values are the average of three independent experiments.
(F) Graph showing the ratio of +2 to +3 spectra for sumoylated peptides spanning the K127
site of GST-Pol30 conjugated to either Smt3p-WT or Smt3p-I96K.
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Figure 4. Identification of sumoylated peptides using different proteolytic digestion strategies
(A) Identification of Cdc11p modification site using Smt3p-I96R and Arg-C digestion. GST-
Cdc11p modified with either Smt3p-WT or Smt3p-I96R was digested with trypsin or Arg-C,
respectively. Peptide digests were then analyzed by MudPIT and spectra corresponding to the
peptide spanning the known modification site and containing the appropriate mass tag were
identified.
(B) Schematic for digestion strategies that allow discrimination between lysine residues
modified by ubiquitin and Smt3p-I96K.
(C) Identification of the K127 SUMO attachment site Pol30p after either Lys-C or Lys-C /
Asp-N digestion of Pol30p modified by Smt3p-I96K. GST-Pol30p modified by Smt3p-I96K
was digested using the indicated enzymes, analyzed by MudPIT, and peptides corresponding
to the site of modification were identified using the SEQUEST algorithm.
(D) Sequence alignment of human ubiquitin and ubiquitin-like modifiers.
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Figure 5. Identification of Smt3p attachment sites in vivo using C-terminal Smt3p mutants
(A) Incorporation of Smt3p-WT, Smt3p-I96K, and Smt3p-I96R into Smt3p-conjugates in
vivo. Protein extracts from yeast strains expressing His6-Flag-tagged Smt3p or the indicated
mutants were analyzed by SDS-PAGE followed by immunoblotting with α-Smt3p antisera to
assess the ability of each Smt3p mutant to be conjugated to in vivo substrates.
(B) Smt3p-WT and Smt3p-I96R are efficiently conjugated to Cdc11p in vivo. His6-Flag-tagged
versions of Smt3p-WT or Smt3p-I96R were expressed via a plasmid in a yeast strain expressing
TAP-tagged Cdc11p. Smt3p-conjugates were purified using Ni-NTA chromatography and
then analyzed by immunoblotting and HRP-conjugated peroxidase-anti-peroxidase (PAP) to
detect the presence of TAP-Cdc11p in the mixture of Smt3p-modified proteins.
(C) Improved identification of Smt3p-attachment sites in vivo using Smt3p-I96R. Smt3p
conjugates were purified from yeast strains containing a chromosomal deletion of the SMT3
locus and expressing His6-Flag-tagged versions of either Smt3p-WT or Smt3p-I96R. Purified
samples were analyzed by MudPIT and the number of modified peptides identified from each
mixture is plotted here.
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Table 1
Smt3p C-terminal Mutants

Smt3p Mutants Smt3p after cleavage Δ Mass

WT REQIGG-K → EQIGG-K +484
I96K REQKGG-K → GG-K +114
I96R REQRGG-K → GG-K +114
G97K REQIKG-K → G-K +57
G97R REQIRG-K → G-K +57

Factor Xa IEGRGG-K → GG-K +114
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