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Figure 3. Modeling substrate interactions of SNM1B and SNM1A. (A) Expanded view of the active site region of SNM1B, including the sulfate and
tartarate ions that are bound in the crystal structure. (B) Modeling a 5′, 3′-nucleotide diphosphate based on the positions of the sulfate and tartarate in the
crystal structure. The 5′ phosphate could represent the terminal phosphate of a DNA substrate, while the 3′ phosphate may represent the phosphodiester
that is hydrolysed by the enzyme. (C) Model of DNA bound to SNM1A. The model places the 5′ end of one strand at the active site, while DNA downstream
is in position to interact with the distal binding site defined by K904 or K906 (shown as red patches on the protein surface). (D) A similar model of DNA
bound to SNM1B, where the distal DNA binding site includes S183 (red patch).

mediate product, but around 50% of the substrate is further
digested past the ICL, within 20 min (Figure 4C and D). As
previously observed (14), the digestion predominantly ter-
minates with the generation of an 11-mer product, reflect-
ing the probable steric inhibition of further digestion by the
attachment site of the SJG-136 ICL to the complementary
DNA strand. When we assessed the capacity of SNM1A-
K904A-K906T to digest this substrate we observed a reduc-
tion in bypass of the ICL, with <20% of the ICL being by-
passed within 10 min compared to nearly 50% for the WT
enzyme (Figure 4D).

Therefore, while the capacity of SNM1A-K904A-K906T
to digest native short dsDNA oligos is slightly compro-

mised, its capacity to undertake a more physiologically rel-
evant reaction, digestion of damaged DNA strand, is more
substantially compromised.

Another striking feature of SNM1A activity is its greatly
increased processivity on high molecular weight (Mw)
DNA substrates, exemplified by plasmid substrates (10).
This might be, at least partly, attributable to the DNA-
affinity afforded by the large area of positively charged
residues surrounding the DNA interacting groove and ac-
tive site, revealed by the crystal structures (Figure 1C and
D). Given that the differences in activity we observe for
SNM1A and SNM1A-K904A-K906T are modest on un-
damaged oligonucleotide DNAs, we hypothesised that the
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Figure 4. SNM1A-K904A-906T displays reduced nuclease activity. (A) Time-course nuclease assay of SNM1A and SNM1A-K094A-K906T (0.8 nM)
mutant using 3′ radio-labelled (�-32P-dATP) 21-mer single- and double-stranded DNA (100nM) quenched at the indicated times. (B) Electrophoretic
Mobility Shift Assay (EMSA) with 3′ radio-labeled 51-mer single-stranded DNA with increasing concentrations of SNM1A and SNM1A-K904A-K906T
mutant. Enzyme incubated with DNA (1 nM) for 5 minutes at 37◦C before quenching on ice. (C) Time-course nuclease assay of SNM1A and SNM1A-
K094A-K906T (0.8 nM) mutant using 3′ radio-labelled (�-32P-dATP) 21-mer double-stranded DNA with a centrally-located SJG-136 cross-link (100 nM),
quenched at the indicated times. (D) Quantification using ImageJ of the 11nt band from three repeats of nuclease assay of cross-linked DNA with SNM1A
and SNM1A-K904A-K906T, error bars show the standard error of the mean.
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activity of SNM1A-K904A-K906T on a preferred sub-
strate, high MW DNA, might be altered. To this end we,
we assessed the activity of SNM1A and SNM1A-K904A-
K906T on DNA of increasing molecular weights. Using a
51-mer single-stranded DNA substrate, a similar, modest,
decrease in activity was observed as with the 21-mer (Figure
5A). By contrast, the capacity of SNM1A-K904A-K906T
to digest a 3 kb plasmid, either from a nick or double-strand
break end was drastically curtailed (Figure 5B), indicating
that the putative DNA binding groove is required for the
processivity of the enzyme on high molecular weight sub-
strates. None of the other variant forms of SNM1A gener-
ated demonstrated such drastically altered ability to digest
plasmid DNA, although a several exhibited substantially
decreased digestion capacity, including SNM1A-N757A-
761A-7262A, SNM1A-Y879F and SNM1A-K969A (Fig-
ure 5C), further supporting a key role for the integrity of
the putative DNA interacting groove in mediating the pro-
cessivity of SNM1A.

The DNA putative binding groove of SNM1B is also impor-
tant for its processivity and digestion of damaged DNA sub-
strates

For SNM1B we undertook a similar analysis, again fo-
cusing on the putative DNA binding groove identified in
the crystal structure. Here, of the five variant forms of
SNM1B generated, one that was mutated for a residues ad-
jacent to this groove, SNM1B-S183A, demonstrated a re-
duced capacity to digest ssDNA oligos in our gel-based
assay (Supplementary Figure S7A and S7B). Interestingly,
these residues are in the same region of the binding groove
as the SNM1A K904 and K906 residues that most af-
fect processivity and ICL processing. However, as for the
SNM1A mutants, the Km and Kcat was not strongly af-
fected by any of the five mutations in our fluoresence-based
assay (Supplementary Figure S8). Since, unlike SNM1A,
SNM1B does not become processive on high molecular
weight DNA, such as plasmid DNA, we could not exam-
ine this aspect. More detailed analysis of the activity of
WT SNM1B and SNM1B-S183A on undamaged and ICL-
containing oligonucleotide DNA substrates revealed that,
as for SNM1A, the difference in digestion between the two
forms of protein are most pronounced for ssDNA sub-
strates (Figure 6A), strongly preferred substrate of SNM1B
(10). Indeed, when we compared the capacity of WT and
the SNM1B-S183A variant to digest an ICL-containing
substrate, no significant difference was observed (Figure
6B and C); however, we have previously established that,
much like native-double stranded DNA, such substrates are
poorly processed by SNM1B. This confirms the important
role of the putative DNA interacting groove in this fam-
ily of enzyme in digesting their preferred substrate, ssDNA
in the case of SNM1B. We also examined the DNA bind-
ing capacity of WT SNM1B and the SNM1B-S183A form.
This mutant form demonstrates a reduced capacity to digest
and bind 51-mer DNA substrates as determined by EMSA
(Supplementary Figure S7C and S7D), and therefore we
conclude that the region mutated in this variant which is
adjacent to the putative DNA binding groove is indeed im-
portant for interactions with DNA.

DISCUSSION

The SNM1A and SNM1B/Apollo proteins are both clas-
sic 5′-3′ exonucleases, requiring a free 5′-phosphate to
initiate digestion, but are members of a class of DNA
processing factor family that have not previously been
structurally characterized. Unlike the third DNA-acting
mammalian protein containing a MBL-�-CASP motif,
SNM1C/Artemis (11), extensive analysis has not provided
evidence for any endonucleolyic activity for SNM1A or
SNM1B, at least in isolation. The structures SNM1A and
SNM1B revealed proteins that fold as typical MBL-�-
CASP proteins, with substantial overall structural similar-
ity to the human RNA processing enzyme CPSF73 (8),
for example (Supplementary Figure S2). In particular, the
residues forming the signature motifs (1–4, A, B) of this
family all play a conserved role in the architecture of the
active site (Figure 2). However, one distinguishing feature
(common to the DNases) is the replacement of one zinc-
coordinating residue, a Histidine defined as motif 5/C, is
replaced with a Valine (V1016/V298 in SNM1A/SNM1B).
We have previously shown that this residue is not required
for DNase activity in SNM1A (10). Hence, the second metal
ion may be more loosely associated; in our structures of
SNM1A this metal is essentially absent, while SNM1B re-
tains two zinc ions, possibly aided by a stabilizing inter-
action with N2, which is absent in SNM1A. However, it
is likely that the active form of SNM1A also depends on
the presence of two zinc ions, as demonstrated by the com-
plete dependence on an aspartate (D736) for nuclease activ-
ity that should coordinate the missing zinc (10,14).

The crystal structure of SNM1B includes two tartrate
ions in the active site. Tartrate 1 has three oxygens (the two
carboxylates and a hydroxyl oxygen) coordinated to the two
zinc ions in the active site; it is plausible that, during the cat-
alytic cycle, these are replaced by two oxygens of the phos-
phate and an activated water / hydroxylate poised for nu-
cleophilic attack.

The position of the second tartrate is compatible with the
distance between 5′ and 3′ phosphates flanking a nucleotide
in DNA. It is, therefore, possible to model the 5′-most nu-
cleotide of a DNA substrate, with the obligatory 5′ phos-
phate occupying part of the tartrate 2 pocket, while the 3′
phosphate (the phosphodiester that is cleaved by the exonu-
cleolytic activity of SNM1A and B) can be positioned at the
Tartrate 1 site, interacting with the zinc and the activated
water/hydroxy group. This provides a plausible explanation
of the requirement for a 5′ phosphate, an essential require-
ment for the action of both SNM1A and SNM1B digestion.

A striking difference between SNM1A and SNM1B is
that while both are similar in overall structure, they differ
markedly in their charge distribution, with SNM1A hav-
ing a very pronounced area of positive potential surround-
ing the active site. Our previous work demonstrated that
SNM1A, in contrast to SNM1B, becomes far more proces-
sive on substrates over 50-nucleotides (regardless of whether
digestion is initiated from a blunt end or single-stranded
nick) (10), and we suggest that the patch of positive charge
may reduce the dissociation of the DNA from the enzyme
after each cleavage event, providing a likely explanation for
this substantial difference between the apparent processiv-
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Figure 5. SNM1A-K904A-906T exhibits a severely reduced capacity for digesting high molecular weight DNA. (A) Time-course nuclease assay of SNM1A
and SNM1A-K094A-K906T (0.8 nM) mutant using 3′ radio-labelled (�-32P-dATP) 51-mer single-stranded DNA (100 nM), quenched at the indicated
times. (B) Nuclease assay of SNM1A and SNM1A-K094A-K906T (12 nM) mutant using supercoiled, nicked and linearised DNA generated from a
modified pUC18 plasmid (9 nM). (C) Nuclease assay of SNM1A and SNM1A mutants with linearised (using HindIII) modified pUC18 plasmid. Enzyme
and DNA in plasmid experiments incubated for 1 hour at 37◦C before addition of 6X loading buffer.
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Figure 6. SNM1B-S183A-S330F is impaired for the digestion of both native DNA and ICL-containing substrates. (A) Time-course nuclease assay of
SNM1B and SNM1B-S183A (0.4 nM) mutant using 3′ radio-labeled (�-32P-dATP) 21-mer single- and double-stranded DNA (100 nM) quenched at the
indicated times. (B) Time-course nuclease assay of SNM1B and SNM1B-S183A (0.4 nM) mutant using 3′ radio-labeled (�-32P-dATP) 21-mer double-
stranded DNA with a centrally-located SJG-136 cross-link (100 nM), quenched at the indicated times. (C) Quantification using ImageJ of the 11nt product
band from three repeats of nuclease assay of cross-linked DNA with SNM1B and SNM1B-S183A, error bars show the standard error of the mean.
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ity of the two enzymes (Supplementary Figure S4). We also
performed extensive mutational analysis of residues outside
the zinc-binding region and identified distal sites in both
SNM1A and SNM1B that are required for efficient diges-
tion of DNA (especially long molecules), which having no
effect on the kinetics of a single cleavage reaction. This re-
markable observation may indicate that the DNA molecule
is bound in a wide groove along the SNM1 proteins, reach-
ing out (at least) to the distal site. The structure and size
of the groove are compatible with binding dsDNA, and are
probably compatible with distorted DNA structures such as
interstrand crosslinks and other adducts. This may account
for the unique ability of SNM1 proteins to digest through
such DNA lesions (10,14).
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