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Activation-induced deoxycytidine deaminase (AID)
co-transcriptional scanning at single-molecule
resolution

Gayan Senavirathnel*, Jeffrey G. Bertram?*, Malgorzata Jaszczur®*, Kathy R. Chaurasiya®**, Phuong Pham?,
Chi H. Mak>®, Myron F. Goodman?® & David Rueda'3#

Activation-induced deoxycytidine deaminase (AID) generates antibody diversity in B cells by
initiating somatic hypermutation (SHM) and class-switch recombination (CSR) during
transcription of immunoglobulin variable (IgV) and switch region (IgS) DNA. Using single-
molecule FRET, we show that AID binds to transcribed dsDNA and translocates
unidirectionally in concert with RNA polymerase (RNAP) on moving transcription bubbles,
while increasing the fraction of stalled bubbles. AID scans randomly when constrained in an
8 nt model bubble. When unconstrained on single-stranded (ss) DNA, AID moves in random
bidirectional short slides/hops over the entire molecule while remaining bound for ~5min.
Our analysis distinguishes dynamic scanning from static ssDNA creasing. That AID alone can
track along with RNAP during transcription and scan within stalled transcription bubbles
suggests a mechanism by which AID can initiate SHM and CSR when properly regulated,
yet when unregulated can access non-lg genes and cause cancer.
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xpressed in B cells, activation-induced deoxycytidine

deaminase (AID) Elays an essential role in generating

antibody diversity>. AID deaminates dC—dU on single-
stranded (ss) DNA trinucleotide motifs in a sequence-dependent
manner>. In the cell, AID acts during transcription of Ig variable
(IgV) and switch (IgS) regions to initiate somatic hypermutation
(SHM) and potentiate strand breaks required for class-switch
recombination (CSR)*~7. AID favours the deamination of WRC
motifs (W= A/T, R=A/G)>%°. However, a failure to regulate
AID and related APOBEC-family proteins can §enerate spurious
mutations implicated in a variety of cancers!%-T6,

SHM and CSR entail tightly regulated, complex biochemical
interactions involving the selective recruitment of AID to
transcriptionally active IgV and IgS regions*”17. Recently it
was shown that ssDNA exposed during transcription initiation
promotes the recruitment of AID to actively transcribed genes'®.
Furthermore, components of the RNA olzmerase I
transcription apparatus can interact with AID*~71%20, Although
the mechanisms used to transport AID to transcribed IgV and IgS
regions remain unresolved, transcriptional factors such as Spt4/5
may help recruit AID to stalled transcription bubbles?!,
Biochemical data showing that AID is catalytically inefficient,
even when encountering favoured WRC motifs>°, suggests the
likelihood that deamination may be favoured in a stalled
transcription bubble over a rapidly moving bubble!®,

Single-molecule fluorescence resonance energy transfer (smFRET)
can be used to observe the motion of individual molecules of AID
and RNA polymerase (RNAP) while bound to DNAZ2%23, Here, we
use smFRET to visualize the direct participation of AID in a T7
RNAP model transcription system in real time. In bulk solution
studies with T7 RNAP, AID has been shown to perform
transcription-dependent deamination favouring WRC motifs®242>,
In this paper, we address how AID moves on DNA in the absence of
auxiliary factors, either while subject to transcriptional constraints,
or when scanning unconstrained on ssDNA.

a  NoFRET

Increasing FRET
—_—

re,

1
N

ORI

FRET

256
Time (s)

258 260

We explore the time-dependent FRET interactions between
AID and double-stranded (ds) DNA during transcription by
directly tracking the location of AID along moving and stalled
transcription bubbles. Initially, AID and RNAP are observed to
co-localize on bubbles formed at the T7 promoter. AID then
advances unidirectionally along the dsDNA in concert with
moving transcription bubbles, while increasing the ratio of
stalled-to-moving bubbles. We compare the scanning dynamics
of AID confined in an 8-nt bubble with its unconstrained motion
on single-stranded (ss) DNA. The time-dependent FRET
interactions between AID and ssDNA show AID scanning in
random short slides or hops over the entire ssDNA (72 nt), while
remaining bound for ~ 5min.

Results

Visualizing RNAP during transcription. First, we directly
visualize RNAP behaviour in the absence of AID by smFRET.
Several single-molecule studies have reported the transcriptional
dynamics of T7 RNAP?-%0, Here, we use Cy5-labelled RNAP to
transcribe a Cy3-labelled 66-bp dsDNA construct attached to the
surface of a microscope slide with biotin-streptavidin (Fig. la,
Supplementary Table 1). Transcription initiates at the T7
promoter, near the slide surface (low FRET) and elongates
towards the Cy3-labelled end of DNA (increasing FRET, Fig. 1a).
In the absence of nucleoside triphosphate (NTP) substrates, all
the observed events (Supplementary Table 2) reveal polymerase
binding at the promoter site (~0.2 FRET, Supplementary
Fig. la). These events are not observed on a dsDNA construct
lacking the promoter (Supplementary Fig. le).

We have moved the promoter to four different positions along
the dsDNA (9, 19, 29 and 39 bp away from the Cy3-labelled end
of the DNA) with a bound Cy5-labelled RNAP and in the absence
of NTPs. We observed FRET increases that follow Forster’s
equation with an apparent Ry=27+1bp (Supplementary
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Figure 1| Single molecule FRET visualization of RNAP transcription. (a) Single-molecule FRET setup: surface-immobilized Cy3-labelled dsDNA (FRET
donor in blue) with an RNAP promoter near the surface is used for transcription by Cy5-RNAP (FRET acceptor in red). In the presence of NTPs, three
classes of events are observed for Cy5-RNAP: (b) promoter binders (PB), which are characterized as long static binding events at low FRET (~0.2),
(c) moving bubbles (MB) with a rapid increase to high FRET (>0.5) followed by a sharp decrease to O FRET (inset shows the average peak rise time 1)
and (d) stalled bubbles (SB) that rapidly increase to 0.2-0.5 FRET and remain there, before a sharp drop back to O FRET. The total number of events
observed ranges from 78 to 87, as reported in Supplementary Table 2. The time resolution of FRET trajectories shown here is 100 ms, and these
experiments were also conducted at 15-30 ms time resolution (Supplementary Figs 4-9).
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Fig. 1f). This apparent R, value is larger than expected, which
could be accounted for by the size of T7 RNAP, whose footprint
is about 28 bp®l, its orientation, the position of Cy5 and the
length of its tether to RNAP (Supplementary Fig. 2), and
distortions of the DNA structure (Supplementary Fig. 3). We note
that if the DNA was an ideal B-form helix, this distance would
correspond to ~90A, or ~3nm longer than previously
determined R, values (~18bp) for Cy3-Cy5 (ref. 32).

In the presence of the four NTP substrates, we identify three
classes of trajectories. The first class reveals RNAP binding at the
promoter site (~0.2 FRET, Fig. 1b, 31 £ 8%) indicating promoter
binders (PB) that fail to initiate transcription. The second class
shows RNAP moving from the initial binding site (low FRET)
towards the free dSDNA end (> 0.5 FRET), before running off the
DNA (sharp drop to zero FRET, Fig. 1c, inset). The average peak
rise time 7 is 240 £ 30 ms at 1 pM NTP (Supplementary Fig. 4a),
and decreases with increasing NTP concentration (1-50 uM,
Supplementary Figs 4a and 5), as expected for an RNAP
transcription-related event. We assign these to moving bubbles
(MB) that can potentially span the 39nt region between the
promoter and the distal dsDNA end. At 50 uM NTP, the average
MB peak rise time is 129 + 15 ms, approaching our effective time
resolution, and therefore observed event times may represent an
upper limit. Representative donor and acceptor fluorescence
intensities and corresponding FRET trajectories for each class are
shown in Supplementary Fig. 6, and additional FRET traces for
each class are shown in Supplementary Fig. 7. Labelling the
RNAP with Cy3 and the DNA with Cy5 results in similar
trajectories (Supplementary Fig. 8). We also observe trajectories
in which the polymerase first binds the promoter at ~0.2
FRET for up to ~2s, followed by translocation towards the distal
end (high FRET) and then dissociation (Supplementary Figs 8d
and 9).

A population analysis reveals that the fraction of MB
trajectories increases from 11 +4% to 54+ 11% with increasing
NTP concentration (Supplementary Fig. 4b). The third class
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shows a rapid increase to intermediate FRET values (~0.4 to 0.5)
but remains there, until RNAP eventually unbinds or Cy5
photobleaches, consistent with stalled transcription bubbles (SB,
Fig. 1d, 6 = 4% at 50 pM NTPs). Stalled transcription bubbles and
PB can be readily distinguished because PB events remain bound
to the DNA for very long periods, often longer than the
experimental time window (Fig. 1b and Supplementary Fig. 6a),
whereas SB events dissociate in an average time of 20%9s
(Fig. 1d and Supplementary Figs 6¢ and 8c). These assignments
are consistent with previously reported transcription events?330,

The template strand begins with three initial Cs and contains a
single G near the centre (Supplementary Table 1). In the absence
of GTP, no MB events are observed and 97 £ 10% of the events
are PB, as expected (Supplementary Fig. 4c). In the absence of
CTP, the trajectories show PB (80+10%) and SB (20t 4%,
Supplementary Fig. 4c), consistent with transcription stalling at
the single G. The low number of SB events observed may result
from the rapid dissociation of RNAP in the absence of CTP. The
ability to generate a discrete transcriptional stopping point
midway between the promoter and free end (0.4 FRET) further
supports our assignments of PB, MB and SB.

AID translocates with RNAP during transcription. AID
deaminates dC—dU on ssDNA and transcribed dsDNA
substrates (Supplementary Fig. 10)>324253334 To visualize
transcription-dependent AID scanning on dsDNA by smFRET,
we used Cy5-AID and unlabelled RNAP (Fig. 2a). Cy5-AID
retains the same deamination properties as the unlabelled enzyme
(Supplementary Fig. 11). The experiment with Cy5-AID and
unlabelled RNAP is essentially the same as that for Cy5-RNAP
and unlabelled AID: transcription initiates at the tethered
promoter, and elongation proceeds towards the Cy3-labelled
DNA end (Fig. 2a).

For AID and RNAP, we observe the same three classes of
trajectories (PB, MB and SB) that occurred for RNAP in the
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Figure 2 | AID co-transcriptionally scans dsDNA. (a) Single-molecule FRET setup for visualizing co-transcriptional AID scanning. A Cy3-labelled dsDNA
(FRET donor in blue) with an RNAP promoter near the surface is surface-immobilized and RNAP transcribes the DNA. AID is labelled with Cy5 (FRET acceptor in
red) to monitor its dynamics during transcription. (b-d) Representative FRET trajectories (N =55) showing (b) AID binding to the promoter region in the
presence of NTPs, (¢) AID moving along with RNAP (MB) and (d) AID scanning in a stalled transcription bubble (SB). The time resolution of FRET trajectories
shown here is 100 ms, and these experiments were also conducted at 15-30 ms time resolution (Supplementary Figs 4 and 5).
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Figure 3 | AID co-localizes with RNAP in transcription initiation bubbles and scans static ssDNA bubbles. (a) Cy3-RNAP and Cy5-AlID incubated with
surface-immobilized unlabelled dsDNA show co-localization of both enzymes within the transcription initiation bubble. (b) The resulting FRET trajectories
exhibit fluctuations indicating AID dynamically co-localizes with RNAP, moving on the DNA relative to the polymerase (N =16). (¢) Post-synchronization
histogram (PSH) showing AID co-localizes with RNAP at the initiation bubble. PSHs are time-binned trajectories synchronized at the initial binding event.
Intensity bar represents the frequency scale of particular FRET states (beige = low, red = high). (d) Single-molecule FRET setup for detection of AID

scanning in a static transcription bubble. A Cy3-labelled dsDNA with an 8 nt bubble in the middle was immobilized on the surface, and Cy5-labelled

AID was used to bind/scan in the bubble. (e) A representative smFRET trajectory (N=18). (f) PSH showing restricted AID scanning within the bubble.

The time resolution here is 100 ms.

absence of AID. RNAP-dependent binding of Cy5-AID to the
promoter occurs in a low FRET state (Fig. 2b, PB, FRET ~0.2,
351 9%). Although the PB average FRET values are similar for
the Cy5-AID and Cy5-RNAP experiments, centred near 0.2
FRET, their FRET distributions differ, indicating that AID and
RNAP are not static relative to each other on the initiation
bubble. AID has a distinct FRET signature. As the binding of AID
to dsDNA requires the presence of RNAP, the observed FRET of
Cyb5-labelled AID to the Cy3-labelled distal end of the dsDNA
is also related to Cy5-labelled RNAP. Yet the Cy5-RNAP
distribution is broader than that for Cy5-AID, indicating that
the Cy5-RNAP distribution is more heterogeneous. This could be
caused by dynamic motion of RNAP on the template DNA, while
AID motion might be somewhat more constrained when bound
to the non-template strand.

Translocation of AID with a moving transcription bubble is
detected by a rapid increase of FRET to ~ 0.9 followed by a sharp
loss of FRET (Fig. 2¢ and inset, MB, 33 £ 9%). In the presence of
Cy5-AID, the average MB peak rise time increases to 182 25 ms
(Supplementary Fig. 5d), indicating that either AID moves slower
than the polymerase or that AID binding to the transcription
bubble slows the rate of RNAP elongation. In the presence of
AID, the fraction of SB events increases four-fold (6 +4% to
251 8%, Supplementary Fig. 4d), suggesting the possibility that
AID induces stalling, thus providing additional time for scanning
and deamination.

Stalled bubbles are identified by a rapid increase to
intermediate FRET values, ~0.4 to 0.6, that remain roughly
static for about 6 s (Fig. 2d, SB, 33 £ 9%). Cy5-AID does not bind
to dsDNA in the absence of RNAP (Supplementary Fig. 12a).
When Cy5-AID and RNAP are present but NTPs are absent,
we observe long-lived static binding of AID at the promoter
(~0.2 FRET, PB, Supplementary Fig. 12b). These events are not
observed on dsDNA lacking a T7 promoter (Supplementary
Fig. 12¢).

4

Representative donor and acceptor fluorescence signals and
corresponding FRET trajectories for each event are shown in
Supplementary Fig. 13. Moving bubbles have the potential to span
the 39 nt region between the promoter and the distal dSsSDNA end,
indicating AID motion away from the tethered promoter towards
the free end, followed by enzyme dissociation. The presence
of Cy5-AID increases the MB peak time by ~ 1.4-fold, indicating
that AID may reduce the rate of RNAP elongation
(Supplementary Fig. 4a), while concomitantly increasing the
ratio of stalled-to-moving bubbles (Supplementary Fig. 4d). This
effect is more pronounced with Cy5-AID because all the
measured MB events contain AID, whereas in the presence of
Cy5-RNAP and unlabelled AID, not all observed MB include AID
(Supplementary Fig. 4a).

AID and RNAP co-localize at transcription initiation sites. To
show that AID and RNAP can simultaneously bind within a
transcription initiation bubble, we introduced Cy3-RNAP and
Cy5-AID on unlabelled dsDNA (Fig. 3a). A representative single-
molecule trajectory (Fig. 3b) exhibits a sizable range of FRET
values, indicating that the two enzymes co-localize on the DNA.
A post-synchronization histogram (PSH) of the ensemble of
trajectories (Fig. 3c) aligned at the initial binding event>® shows
density ranging from 0.1 to 0.9 FRET, confirming that AID is
likely not interacting directly with RNAP. The FRET fluctuations
indicate relative motion between the two enzymes, possibly
suggesting that AID scans the transcription initiation bubble
while RNAP is stalled, consistent with Fig. 2d. No direct
interactions between AID and T7 RNAP were detected, as
determined by the absence of rotational anisotropy changes of
fluorescein-labelled RNAP with increasing AID concentrations
(Supplementary Fig. 14).

AID scans randomly while constrained in an 8-nt DNA bubble.
To test whether AID is able to scan within a small static DNA
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Figure 4 | AID scans ssDNA randomly and bidirectionally. (a) Single-molecule FRET setup for analysing scanning of AID on ssDNA. A 92-nt ssDNA
construct is annealed to a Cy3-labelled surface-immobilized anchor DNA. Binding and scanning of Cy5-AlID results in FRET changes. (b-e) Representative
smFRET time trajectories (panel 1, N>100), PSH (panel 2) and estimated nucleotide position histograms (panel 3, target motif location highlighted in
grey). (b) Representative smFRET scanning trajectory on the 5’-AAC hot substrate shows an increase to ~0.2 FRET upon initial binding of AID, followed by
fluctuations centred around ~ 0.4 FRET (PSH), for as long as ~400s. A histogram shows the estimated nucleotide positions visited during AID scanning

events. (¢) Eliminating the AAC hot motif substantially reduces the tail of the

PSH. The histogram suggests AID has an apparent preference for the 5" end,

with a peak around nucleotide position 25. It is possible that the high sensitivity of FRET between nt positions 10 and 60 (Supplementary Fig. 18b) skews
the correlation between FRET and nt position. AID also creases the substrate at long distances (Supplementary Fig. 18b-c, grey squares), and may become
trapped at the position of ssDNA bend formation. However, the sequence position histograms clearly show that AID scans the entire ssDNA substrate.
(d) Substituting the AAC hot motif with a GAC non-hot motif substantially reduces PSH tail near ~0.4 FRET, but does not change the sequence

position histograms (panels 2 and 3). (e) Decreasing the salt concentration
position histogram (panels 2 and 3). The time resolution here is 1s.

bubble, we introduced an 8-nt mismatch into the dsDNA con-
struct (Fig. 3d). The single-molecule trajectories show that AID
binds the DNA for up to ~250s and localizes to a narrow region
within the bubble (0.2-0.6 FRET, Fig. 3e). To eliminate data
blurring from asynchronous binding, the trajectories were post-
synchronized by alignment at the initial binding event?>*°, The
PSH (Fig. 3f) shows an initial binding at ~0.4 FRET, followed by
fluctuations between 0.3 and 0.55 FRET, confirming that AID
moves randomly and bidirectionally over a narrow region of the
DNA. The ability of AID to scan a static bubble for up to 250s
would in principle allow sufficient time for AID to catalyse dC
deaminations in spite of its exceedingly low efficiency (~3% in
favoured WRC motifs)®°. The smFRET data are consistent with

| 6:10209 | DOI: 10.1038/ncomms10209 | www.nature.com/naturecommunications

does not significantly alter the tail of the PSH, but broadens the sequence

previous biochemical data showing that AID deaminates dC
within static bubbles*¢~38,

AID moves in short random slides/hops on ssDNA. As AID
acts only on ssDNA, we sought to characterize the unconstrained
scanning of Cy5-AID on ssDNA (Fig. 4a). Scanning dynamics
were compared using pdT substrates (72-mer) containing an
AAC hot motif (Fig. 4b), no motif (pdT, Fig. 4c), GAC non-hot
motif (Fig. 4d), AAC hot motif at low salt (Fig. 4¢) and AAU
product motif (Supplementary Fig. 16). The smFRET trajectories
(Fig. 4 and Supplementary Fig. 15) show AID binding as an
abrupt increase from zero FRET (Fig. 4b, ~225s), and scanning
motion as changes in FRET efficiency (Fig. 4b, ~225-480s).
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Figure 5 | AID scanning in the presence of multiple deamination targets. Representative smFRET time trajectories (panel 1, N>100), PSH (panel 2)
and estimated nucleotide position histograms (panel 3, motifs highlighted in grey). Experimental set up is the same as that shown in Fig. 4a, and all the
long binding transitions used for the analyses are summarized in Supplementary Table 2. (a) Placing multiple motifs on the same ssDNA constructs
further characterizes the scanning of AID. On the pdT 5" (WRC)3 3’ (GAC)3 construct, AID scans the entire DNA, as indicated by the wide FRET range
(0.15-0.7) and the pronounced PSH ~ 400 s long tail. The estimated nucleotide position histogram is also broader than that for the single 5’ hot motif.
(b) Relocating the tandem hot motifs from the 5" end to the 3’ end of the ssDNA moves the FRET probability in the same direction, as indicated by the lower
FRET range (0.1-0.4), the shorter PSH tail (~300s, panel 2), and the probability shift in nucleotide position towards the 3’ end (difference histogram, panel

3). The time resolution here is 1s.

Motion towards the 5" and 3’ ends are observed as increases and
decreases in FRET, respectively. Over 80% of AID molecules
remain bound to ssDNA for 25s-10 min, with an average resi-
dence time of 270+30s (~4.5min, Supplementary Table 3).
These long binding trajectories display rapid fluctuations with a
FRET efficiency ranging from 0.2 to 0.8, indicating that AID
scans the entire ssDNA (72 nt), moving in processive slides/hops
between the tethered 5’ end (~0.8 FRET) and free 3’ end (~0.2
FRET) with equal probability, indicating random and bidirec-
tional scanning (Supplementary Fig. 16). This remarkably long
binding duration is illustrated in Supplementary Fig. 15 and the
Supplementary Movie. A minority population of short binders
(< 15%) is also present with residence times <25s.

Long binding trajectories were post-synchronized by alignment
at the initial binding event®>. The PSH reports on the memory of
AID’s motion on the ssDNA in terms of FRET values (positions
on the DNA). For the AAC hot motif, the PSH shows an initial
increase to ~0.2 FRET (Fig. 4b), consistent with the initial
binding observed in the scanning trajectories. Then, the FRET
increases to ~ 0.4, followed by persistent oscillations between 0.2
and 0.8 (Ax0.6), confirming that AID moves randomly and
bidirectionally over the entire ssDNA length.

The FRET trajectories reveal details of how AID scans its
substrate, but as individual FRET states cannot be identified,
we correlate FRET values to estimated substrate position using
an empirical calibration with doubly labelled ssDNA
(Supplementary Figs 17 and 18). This correlation allows us to
map FRET to sequence position in an average sense, which we use
to build histograms that reveal how often AID visits a particular
nt position on the DNA (Fig. 4, histograms). The histogram
confirms that AID scans the entire length of the DNA.

The PSH plots provide a scanning timescale (which is not
present in the histograms), indicating a longer time persistence of
FRET signal in the rough vicinity of a single hot motif (AAC,
Fig. 4b) compared with either no motif (pdT, Fig. 4b), or to a
non-hot motif (GAC, Fig. 4d). This distinction appears
most pronounced when comparing the long tail for AAC
(~300-400s) with pdT (~100-200s). However, the histograms
depicting the spatial scanning distributions are all similar and do

6

not distinguish between motifs. However, when dC is replaced
by dU, the FRET oscillations in the PSH move toward low FRET
values (the 3'-free DNA end), persisting for ~300s, and the
corresponding histogram shifts toward the right (Supplementary
Fig. 19). The average residence time for all constructs with and
without C remain comparable (~ 4 min, Supplementary Table 3),
consistent with the lack of sequence specificity in AID-ssDNA
binding affinity™.

In an attempt to characterize the behaviour of AID in the
presence of multiple deamination motifs, we investigated
constructs containing three hot motifs located either towards
the 5" or 3’ end (Fig. 5a,b, respectively; note that we have used
5'-AACAGCAAC for the hot motifs instead of 5'-AACAACAAC
to avoid secondary structure formation). The PSH tails for the
multiple hot motifs extended out to ~300-400s (Fig. 5a,b,
middle panels), which is similar to that for the single hot motif
(Fig. 4b). The FRET histograms are wider than those for the
single motifs constructs. A difference histogram between the two
constructs (Fig. 5b, right panel) shows that moving the hot motifs
towards the 3’ end results in a probability decrease at high FRET
(around the location of the 5 end non-hot motifs) and a
probability increase towards low FRET (around the location of
the 3’ end hot motifs). The PSH also shows a shift towards low
FRET values. These differences may account for sequence-
dependent deamination differences, whose molecular mechanism
remains unclear®®. Interestingly, the average residence for all
constructs is comparable (~4min, Supplementary Table 3),
consistent with the lack of sequence specificity in AID-ssDNA
binding affinity™.

AID motion is similar at high- and low-salt concentrations.
There are no major differences in FRET trajectories, PSH,
estimated position histograms and binding lifetimes when AID
scans ssDNA in ‘high’ ionic strength (60 mM Na*, 5mM Mg?*,
Fig. 4b) compared with ‘low’ ionic strength (30mM Na™, no
Mg?*, Fig. 4e). The low-salt position histogram is slightly
broader than that in high salt, indicating a minor increase in
scanning (Fig. 4e, histograms). The absence of a significant
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Figure 6 | Diffusion coefficient histograms from MSD analysis.
Distribution of one-dimensional diffusion coefficients obtained from mean
square displacement analysis (see Supplementary Fig. 20) of (a) 5’ AAC,
(b) 5" AAU, (¢) pdT and (d) all the three constructs combined. The
distribution of diffusion coefficients has two main populations. The primary
population (centred at D;=1nt?s ") corresponds to trajectories
characterized by localized dynamics over a narrow range of nucleotide
positions (Supplementary Fig. 20a), while the secondary population
(Dy=5nt%s 1) corresponds to trajectories characterized by long
excursions traversing the entire length of substrate (Supplementary

Fig. 20b). The time resolution here is 1s.

scanning dependence on salt for AID is strikingly different from
Apo3G, which shows a marked reduction in scanning lengths at
low salt?3, As hopping might be more readily interrupted in the
presence of salt than sliding®!, this result suggests that Apo3G
favours hopping over sliding, whereas AID movement along the
ssDNA might tend to favour sliding. Movement predominantly
by sliding is consistent with the presence of similar tightly
clustered dC deamination patterns observed at both low and high
ionic strength® relative to Apo3G?3.

Scanning motion of AID involves excursions of many sizes. On
a local scale, AID scans randomly and bidirectionally. However,
understanding the large length-scale ‘diffusive’ motion of AID on
ssDNA is significantly more challenging because the limited
sequence length of the substrate interrupts these diffusive
motions. To characterize the diffusive behaviour of AID,
we estimate the mean square displacement (MSD) from FRET
trajectories of the hot motif (N=72), the product motif
(Supplementary Fig. 20, N=52) and pdT (N = 54; ref. 41). First,
we estimate the nucleotide position of AID using the distance
calibration (Supplementary Fig. 17a-c). Next, we calculate the
MSD for each trajectory as a function of time (Supplementary
Fig. 20d), the slope of which yields individual diffusion
coefficients. Finally, we build a histogram with the distribution of
diffusion coefficients for each construct (Fig. 6a-c). As the
distributions do not vary substantially across constructs, we
combine them to ascertain the nature of the large length-scale
motions of AID (Fig. 6d). The combined distribution exhibits
a broad range of diffusion coefficients centred on two
populations. The major population (D; ~1nt*s~!) consists of
trajectories characterized by motions covering a narrow range of
nucleotide positions (Supplementary Fig. 20a), while the minor
population (D; ~5nt>s~!) comprises trajectories characterized
by larger excursions traversing the entire length of substrate
(Supplementary Fig. 20b). The broad distribution is qualitatively

consistent with a previous mathematical modelling estimate of
AID scanning transition rates’. To produce a distribution with
higher statistical confidence, we have pooled data from Fig. 6a-c
and from other substrate constructs to produce the combined

histogram in Fig. 6d.

Resolving AID scanning from ssDNA creasing. An important
question is whether the observed FRET changes are bona fide
ssDNA scanning or protein-induced creasing of the intervening
DNA. We use the term ‘creasing’ instead of ‘bending’ to denote
AID-induced conformational changes in ssDNA, and distinguish
that from bending of dsDNA, which involves persistence lengths
that are absent in ssDNA. To distinguish these two scenarios, we
moved the donor to the free 3’ end of ssDNA (Supplementary
Fig. 21). In this configuration, constant high FRET is expected if
the protein binds near the 3’ end at a fixed location while creasing
the intervening DNA. The observed trajectories clearly show long
binding events that display oscillations ranging 0.2-0.8 FRET,
consistent with AID scanning the entire ssDNA. Dynamics of the
ssDNA tail are expected to occur on a millisecond timescale?,
which cannot account for the seconds-to-minutes timescale
associated with AID scanning.

In the presence of AID, the FRET calibration distributions
broaden, indicating AID binding and some protein-induced
creasing. Broadening becomes more pronounced for the con-
structs labelled near the 3’ end (dT60 and 72), as expected.
However, the resulting average distance for dT7-45 remains
essentially unchanged (Supplementary Fig. 18), showing that in
this region protein-induced creasing only minimally affects our
ability to track protein scanning. Comparing the Cy5-AID FRET
histogram with the distributions of dT7-60 (Supplementary
Fig. 22) shows that the Cy5-AID histogram spans a wider FRET
range, indicating that the protein scans at least 60 nt of the DNA
length. The FRET changes observed in Fig. 4 must therefore
reflect scanning. Creasing only becomes significant between 60
and 72 nt, near the 3’ end of the DNA. AID-induced creasing of
long ssDNA may help the enzyme traverse sizable distances in
primary structure.

Discussion

Mouse and cultured cell models have been used to address how
AID targets transcribed IgV- and IgS-DNA!%20, Proteins that co-
immunoprecipate with AID have been proposed to play a role in
targeting®>~>0, For example, the transcription factor Spt5, which
is believed to stall transcription®!, may allow sufficient time for
the low-efficiency AID®Y to deaminate dC on the transiently
exposed single-stranded region of a transcription bubble.
However, a biochemical basis for targeting is not known. We,
and others, have reported that AID catalyses dC—dU during
transcription by T7 RNAP, primarily on the non-transcribed
strand>®2%3451, Here, we have used smFRET to investigate the
constrained dynamics of AID during transcription of dsDNA and
unconstrained motion when scanning ssDNA.

When initiating SHM and CSR, AID gains access to IgV and
IgS regions undergoing transcription in B cells. Transcribed S
regions are composed of large R-loops several hundred nts long
that can provide ample tracts of ssDNA on which AID can move
more or less freely’>>3. However, when acting on V regions, AID
is constrained to act locally within small transcription bubbles
(~8 to 12nt). The bubbles can either be moving rapidly and
unidirectionally away from the promoter or be transiently stalled.
To determine the location and motion of AID relative to active
RNAP, we have visualized transcription events with single-
molecule resolution in real time in the presence and absence of
AID.
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In the absence of AID, three classes of trajectories are observed:
PB, MB and SB (Fig. 1). These same three classes are observed in
the presence of AID (Fig. 2), but with two key differences: MB
timescales increase and the fraction of SB increases, indicating
that AID may slow translocation of RNAP and possibly induce
stalling (Supplementary Fig. 4).

The PB, MB and SB trajectories observed with Cy5-RNAP are
similar to traces with Cy5-AID and RNAP (compare Figs 1
and 2), suggesting that AID and RNAP motion is closely coupled.
By tracking the motion of Cy5-AID during transcription, we
determined that AID: (1) binds at the promoter in the presence
and absence of NTP substrates, (2) translocates unidirectionally
away from the promoter along with RNAP during rapid
transcription, (3) scans the stalled transcription bubble and (4)
co-localizes with RNAP during transcription initiation but does
not interact directly. Therefore, the non-template strand likely
mediates the interaction between AID and RNAP in static and
moving transcription bubbles. A model sketch of the co-localized
binding of AID and RNAP at the T7 promoter and on moving
and stalled bubbles is shown in Fig. 7.

AID binds DNA essentially randomly and scans ssDNA in
random bidirectional short sliding or hopping movements (Figs 4
and 5). AID deamination activity is increased by ~10-fold at
AAC motifs compared with GAC?, suggesting perhaps that
higher enzymatic activities of AID acting on hot motifs could
result from increased contact time between AID with WRC
motifs. We tried to detect an increase in contact time by
investigating whether FRET trajectories could be observed for

@ No bubble

©
b Initiation bubble

S
l

RNAP

c Moving bubble

—>—p—p
Transcription

d Stalled bubble
AA

Figure 7 | Model for co-transcriptional scanning of AID. (a) AID does not
bind to dsDNA in the absence of T7 RNAP. (b) Following the formation of a
transcription initiation bubble at the T7 promoter by RNAP, AID binds to
the bubble with RNAP. (¢) AID translocates unidirectionally along with
RNAP on a moving bubble. (d) AID scans bidirectionally in short slides/
hops within a stalled transcription bubble (indicated by the double-headed
arrow). The presence of AID retards the RNAP translocation rate and
increases the ratio of stalled to moving bubbles.

8

extended periods of time at hot versus not-hot motif locations,
and in relation to no motifs (pdT). This analysis, however, proved
inconclusive. We nevertheless point out that AID deamination
efficiencies are remarkably small, ~ 1-7% for WRC hot motifs®°.
Thus, when confronting a hot motif, catalysis occurs <10% of
the time, which leads us to speculate that the extended PSH tail
for AAC compared with GAC (compare Fig. 4b, d) might occur
from a transient retardation of AID motion tied to motif
recognition and inefficient catalysis.

AID scans multiple times along the entire length of the DNA
during a single binding event (processive scanning, Figs 4 and 5).
The mean lifetime for AID bound to ssDNA is ~4.5min
(Supplementary Table 3 and Supplementary Movie), in agree-
ment with the residence time of AID on ssDNA determined from
processive introduction of multiple deaminations on the same
DNA substrate over 5min (ref. 9). However, owing to the
structural flexibility of ssDNA, AID can also crease the backbone
(Supplementary Fig. 18). Therefore, it is essential to distinguish
between FRET changes owing to AID motion (slides/hops) from
those owing to AID-induced ssDNA creasing. AID scanning is
identified unambiguously by FRET traces that are essentially
indistinguishable when Cy3 is placed at either end of the DNA
(Fig. 4b and Supplementary Fig. 21). When Cy5-AID and Cy3-
DNA are <60nt apart, the FRET changes arise predominantly
from AID scanning. However, when Cy5-AID and Cy3-DNA are
>60nt apart, both scanning and creasing are observed
(Supplementary Fig. 18c).

The high processivity of AID could well have important
biological ramifications for the well-documented adventitious
targeting of AID to non-Ig regions of genomic DNA. A number
of genes rich in short clustered repeat sequences with AID hot
motifs similar to V and S regions have been shown to be highly
susceptible to AID activity’?. For example, SNHG3, MALATI,
BCL7A and CUX1 all have AID-dependent mutations with
frequencies comparable to SHM at IgV regions (2.2 x 10 ~% to
6.1x 104,

This study represents the first visualization of AID motion
relative to actively transcribing RNAP and alone on ssDNA.
When operating in the wrong place and/or the wrong time, AID
and other APOBEC dC deaminases (Apo3A, B and G) have been
implicated in different types of cancer!?-!>%, That AID alone
can track along with RNAP during transcription, and scan within
a stalled transcription bubble, suggests that it might behave
similarly in the cell (Fig. 7). Therefore, while it is clearly essential
to identify proteins that target AID to its proper IgV- and S-target
regions, it might be equally important to identify ‘anti-targeting’
proteins designed to ensure that AID cannot gain access to
transcribed non-IgV or IgS DNA, or tracts of ssDNA generated
during aberrant recombination or repair of genomic DNA.

Methods

Cy5- and Cy3-labelled AID and T7 RNAP for smFRET. A carboxy (C)-terminal
hexa-His-tagged GST-AID variant was expressed in Sf-infected insect cells and
purified as follows>3°. Infected Sf9 cells were suspended in lysis buffer containing
20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 10 mM NaF,
10 mM NaHPO, and 10% glycerol. The cells were lysed by sonication, and the
crude lysate was cleared by centrifugation at 26,000g. The supernatant containing
GST-AID was incubated with glutathione sepharose resin for 1 h and then washed
extensively with 50 mM HEPES pH 7.5, 1 M NaCl and 10% glycerol. The purified
protein was site-specifically labelled with Cy5 fluorophores using a Cy5-OEG-
TrisNTA conjugate®®’, which forms a stable complex with the hexa-histidine
residues. Cy5-OEG-trisNTA was synthesized and loaded with nickel ion in-house.
Cy5-OEG-trisNTA labelling was performed for 1h, at 4°C during protein
purification in 50 mM HEPES (pH 7.5, 1 M NaCl). Excess label was removed by
washing the protein while stably bound to GST resin. After the collection of
labelled protein fractions, glycerol was added to a final concentration of 10% and
Cy5-GST-AID was stored at — 80 °C. Protein concentration was determined by
Bradford Assay and bovine serum albumin (BSA) protein standardization.
Labelling efficiency was determined by absorption at 280 and 650 nm. Cy5-labelled
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GST-AID retained the activity and deamination properties of unlabelled GST-AID
(Supplementary Fig. 11).

T7 RNA polymerase containing hexa-histidine residues at the amino (N)
terminus (Hiss-RNAP) was overproduced and purified from Escherichia coli as
follows. BL21 (DE) cells harbouring pBH161 vector”® were grown at 37 °C until
Dgoo=0.6-0.7 and 1 mM isopropyl-B-D-thiogalactopyranoside was added to
induce expression. The cells were collected 4 h after induction, resuspended in a
lysis buffer containing 50 mM sodium phosphate pH 8.0, 500 mM NaCl, 1 mM
dithiothreitol (DTT), 0.1% Triton-X, 5mM imidazole, 1 mgml ~ ! lysozyme and
protease inhibitor cocktail (Roche) and lysed by sonication. The crude lysate,
containing soluble Hiss-RNAP was collected after centrifugation at 17,000g for
30 min followed by loading onto a 5ml Ni-NTA resin column (Qiagen). After
extensively washing the column with the lysis buffer supplemented with 10 mM
imidazole, the bound protein was eluted from the Ni-NTA resin using 20-250 mM
imidazole gradient. Peak eluted fractions containing Hiss-RNAP were collected,
dialysed in a storage buffer (20 mM HEPES pH 7.8, 100 mM NaCl, I mM DTT and
10% glycerol) and stored at — 80 °C. Hiss-RNAP was labelled with Cy5-OEG-
TrisNTA or Cy3-OEG-TrisNTA. Labelling was performed at 4 °C for 1.5h in
labelling buffer (50 mM HEPES pH 7.8, 500 mM NaCl). Excess label was removed
using a gel-filtration column (Bio-gel P6, Bio-Rad), equilibrated with 20 mM
HEPES pH 7.8, 100 mM NaCl and 10% glycerol.

DNA oligonucleotides. All DNA oligonucleotides used for this study
(Supplementary Table 1) were synthesized in-house using a 3400 DNA synthesizer
(Applied Biosystems) or ordered from Operon. The DNA was purified using
polyacrylamide gel electrophoresis?>. Biotin modifications and some of the
Cy-dye modifications were inserted into the oligomers whenever needed as
phosphoramidites. In other instances, Cy3 or Cy5 were incorporated into the 5" or
3’ termini of the DNA by reacting the NSH-ester form of the dye (GE Healthcare)
with amino-modified C6-dT. For C6-dT labelling, ~ 1 nmol of desalted DNA was
dissolved in 44 pl of 100 mM sodium tetraborate buffer, pH 8.5 and mixed with
~ 10 nmol of Cy-dye dissolved in 7 pl of dimethyl sulphoxide, vortexed several
times, and incubated at room temperature overnight to obtain >80% labelled
DNA. Finally, labelled and unlabelled DNA fractions were separated by reverse-
phase high-performance liquid chromatography chromatography on an analytical
C18-column. Purified oligonucleotides were stored at — 20 °C in 10 mM Tris-HCI,
pH 8.0.

smFRET for co-transcriptional AID scanning. To minimize nonspecific binding,
quartz microscope slides were passivated with methoxy-PEG-SVA (M, = 5,000;
Laysan Bio Inc.), doped with 8% biotin-PEG-SVA (M, = 3,400; Laysan Bio Inc.)
and further treated by incubating the reaction chamber with 0.2 mgml ~! BSA
(Sigma) in T50 buffer (50 mM Tris-HCI, pH 7.0, 50 mM NaCl) for ~ 10 min. After
washing out excess BSA with T50 buffer, streptavidin (1 mgml~! in T50 buffer)
was incubated for ~ 10 min and then washed out. DNA samples were prepared by
annealing the two complementary ssDNA constructs (Supplementary Table 1) in
annealing buffer (10 ul, 50 mM MOPS, pH 7.4, 5mM Mg?*, 60mM Na* and
2mM Trolox) by heating to 90 °C for 45s and cooling to room temperature over
15 min, followed by serial dilutions to 25-50 pM of partial dsDNA for surface
immobilization through biotin-neutravidin-biotin linkage. In these experiments, a
Cy3-labelled dsDNA with a T7 promoter near the surface was immobilized and T7
RNAP polymerase (0.5-5nM) was used to transcribe the DNA. A total 20 nM Cy5-
labelled AID was used to bind and scan in the transcription bubbles at varying NTP
concentration in a transcription-scanning buffer (40 mM Tris-HCI, pH 7.9, 5mM
Mg?*, 60mM Na*, 0.2 mgml ~! BSA, 2mM Trolox to prevent photo-blinking of
the dyes and oxygen scavenger system consisting 2.5mM 3,4-dihydroxybenzoic
acid (PCA-SIGMA), 250 nM protocatechuate dioxygenase (PCD-SIGMA) to
minimize the photobleaching of the dyes). Data were acquired on a prism-based
smTIRF microscope at 15 ms and 100 ms time resolution®®. Movies were recorded
from ~ 10 different areas of a sample chamber for ~5 min each. Apparent energy
transfer efficiencies were obtained as FRET = I/(Ip + I4), where I, is the acceptor
intensity and I, is the donor intensity. Although less than 10% of single-molecule
trajectories exhibit RNAP-binding events, such yields are considered typical in
single-molecule experiments. The resulting trajectories were divided in PB, MB or
SB populations, as described in the text. An arbitrary 0.5 FRET cut-off value was
chosen at the middle of the FRET range. Decreasing it does not notably change the
population analysis, but increasing it will result in larger SB populations and lower
MB populations. The PB population is not affected by this cut-off value.

smFRET for Cy5-AlID scanning transcription bubble dsDNA. A Cy3-labelled,
66-nt long, partially complementary dsDNA, with an 8-nt ‘transcription bubble’ in
the middle was obtained by annealing a 5'-biotin 70mer DNA to a 5’'-Cy3-labelled
66mer DNA (Supplementary Table 1). smFRET experiments were performed as
described above with 20 nM Cy5-labelled AID in a scanning buffer (50 mM MOPS,
pH 7.4, 5mM Mg?*, 60mM Na™, 0.2mgml ~! BSA, 2mM Trolox, 2.5 mM
PCA and 250 nM PCD). Data were acquired at 100 ms time resolution for ~ 5 min
(ref. 59).

smFRET for Cy5-AID scanning ssDNA. The ssDNA constructs were surface
immobilized using a common anchor DNA (Supplementary Table 1) with 5'-Cy3
and 3’'-biotin (Fig. 4). Excess DNA was washed out, and Cy5-labelled AID (20 nM)
was introduced in the scanning buffer described above. Data were acquired at
30ms or 1s time resolution for ~5 or ~ 10 min, respectively. Low ionic strength
experiments were performed similarly, but without Mg?* and only 30 mM Na*
in all of the above buffers to reduce ionic strength. Single-step Cy5 photobleaching
confirms that AID binds as a monomer under our experimental conditions.

Post-synchronization analysis. To synchronize the long binding events with
respect to their initial binding, we analyse the long binding FRET trajectories
(Figs 4 and 5) from 10 s before the initial binding (threshold 0.15 FRET) until 10s
after the dissociation (0 FRET). Using a MATLAB script kindly provided by Jody
Puglisi (Stanford University), we bin the trajectories (0.05 FRET bins, 2-s time
bins) to determine how many trajectories are located at a given FRET and time
value and generate the histograms. For the co-localization experiments (Fig. 3c),
0.1 FRET bins, five-frame time bins and threshold of 0.18 FRET were used. For the
transcription bubble experiments (Fig. 3f), 0.05 FRET bins, 10 frame time bins and
threshold of 0.35 FRET were used. This threshold value was chosen to avoid false
starts owing to possibly noisy signals (<0.2 FRET). It was determined empirically
to be optimal in order to properly synchronize all trajectories while staying clear of
all signal fluctuations due to noise.

FRET-ssDNA distance calibration experiments. We correlate FRET values to
estimated substrate position using an empirical calibration with doubly labelled
ssDNA with dye separations of 7, 15, 30, 45, 60, 60 and 72 nt between Cy3 and Cy5
(Supplementary Figs 17 and 18). ssDNA were surface-immobilized as described
above, and data were acquired in the absence and presence of 20 nM AID at 15 ms
or 1s time resolution. The smFRET histograms were obtained by time-binning
~ 100 background-corrected FRET trajectories. We collected a histogram of FRET
values for each dye separation (Supplementary Fig. 17) and correlated the mean
value with the distance between the dyes q (Supplementary Fig. 18b). Next, we used
the mean FRET value for each dye separation distance to calculate donor-acceptor
distance R using Forster’s equation (Supplementary Fig. 18¢), and fit the distance R
to a linear combination of Vi (if substrate is a random coil) and q (if substrate is
an extended chain) without bias. This fit yields R=(26.75+-7.09,/q — 0.0418q) A
(Supplementary Fig. 18c, red line), which we used to convert FRET values directly
to sequence positions g. Although this correlation allows us to map FRET to
sequence position g, this mapping is only correct in an average sense, as there is a
distribution of FRET values which correspond to the same g (Supplementary
Fig. 17). However, this approximation is clearly valid at long distances, in which
AID scans distances larger than the standard deviation of this distribution (see
histograms in Supplementary Fig. 17). This calibration does not account for the
size of AID, nor does it account for potential photophysical/rotational effects of the
protein on the dyes. Therefore, it is not intended to yield an exact protein location,
but rather an approximate nucleotide position, for which we use the term
‘estimated nucleotide position.”

Mean square displacement analysis. Mean square displacement of Cy5-AID
along ssDNA was obtained from long binding (t>100s) FRET trajectories for the
hot motif, the product motif and pdT*!. FRET trajectories (examples shown in
Supplementary Fig. 20a,b) were used to estimate the nucleotide position of AID
along the substrate using an experimental distance calibration (Supplementary
Fig. 20c). The MSD was computed for each trajectory as a function of time
(Supplementary Fig. 20d), the slope of which yields individual diffusion
coefficients. The diffusion coefficients distribution histograms for each

construct are reported in Fig. 6a—c.

References

1. Muramatsu, M. et al. Specific expression of activation-induced cytidine
deaminase (AID), a novel member of the RNA-editing deaminase family in
germinal center B cells. J. Biol. Chem. 274, 18470-18476 (1999).

2. Muramatsu, M. et al. Class switch recombination and hypermutation require
activation-induced cytidine deaminase (AID), a potential RNA editing enzyme.
Cell 102, 553-563 (2000).

3. Pham, P., Bransteitter, R., Petruska, J. & Goodman, M. F. Processive
AlID-catalysed cytosine deamination on single-stranded DNA simulates
somatic hypermutation. Nature 424, 103-107 (2003).

4. Di Noia, J. M. & Neuberger, M. S. Molecular mechanisms of antibody somatic
hypermutation. Annu. Rev. Biochem. 76, 1-22 (2007).

5. Peled, J. U. et al. The biochemistry of somatic hypermutation. Annu. Rev.
Immunol. 26, 481-511 (2008).

6. Stavnezer, J., Guikema, J. E. & Schrader, C. E. Mechanism and regulation of
class switch recombination. Annu. Rev. Immunol. 26, 261-292 (2008).

7. Jaszczur, M., Bertram, J. G., Pham, P., Scharff, M. D. & Goodman, M. F. AID
and Apobec3G haphazard deamination and mutational diversity. Cell. Mol. Life
Sci. 70, 3089-3108 (2013).

| 6:10209 | DOI: 10.1038/ncomms10209 | www.nature.com/naturecommunications 9


http://www.nature.com/naturecommunications

ARTICLE

10.

1

—

12.

13.

14.

15.

16.

17.

1

oo

19.

20.

21.

22.

23.

24.

2

wu

26.

27.

28.

29.

30.

3

—

32.

33.

34.

3

v

3

(=2}

Pham, P., Calabrese, P., Park, S. J. & Goodman, M. F. Analysis of a single-
stranded DNA-scanning process in which activation-induced deoxycytidine
deaminase (AID) deaminates C to U haphazardly and inefficiently to ensure
mutational diversity. J. Biol. Chem. 286, 24931-24942 (2011).

Mak, C. H., Pham, P., Afif, S. A. & Goodman, M. F. A mathematical model for
scanning and catalysis on single-stranded DNA, illustrated with activation-
induced deoxycytidine deaminase. J. Biol. Chem. 288, 29786-29795 (2013).
Alexandrov, L. B. et al. Signatures of mutational processes in human cancer.
Nature 500, 415-421 (2013).

. Kuong, K. J. & Loeb, L. A. APOBEC3B mutagenesis in cancer. Nat. Genet. 45,

964-965 (2013).

Nik-Zainal, S. et al. The life history of 21 breast cancers. Cell 149, 994-1007
(2012).

Nik-Zainal, S. et al. Association of a germline copy number polymorphism of
APOBEC3A and APOBEC3B with burden of putative APOBEC-dependent
mutations in breast cancer. Nat. Genet. 46, 487-491 (2014).

Roberts, S. A. et al. An APOBEC cytidine deaminase mutagenesis pattern is
widespread in human cancers. Nat. Genet. 45, 970-976 (2013).

Taylor, B. J. et al. DNA deaminases induce break-associated mutation showers
with implication of APOBEC3B and 3A in breast cancer kataegis. Elife 2,
€00534 (2013).

Wang, M., Yang, Z. Z., Rada, C. & Neuberger, M. S. AID upmutants

isolated using a high-throughput screen highlight the immunity/cancer
balance limiting DNA deaminase activity. Nat. Struct. Mol. Biol. 16, 769-U97
(2009).

Xu, Z., Zan, H., Pone, E. ], Mai, T. & Casali, P. Immunoglobulin class-switch
DNA recombination: induction, targeting and beyond. Nat. Rev. Immunol. 12,
517-531 (2012).

. Taylor, B. J., Wu, Y. L. & Rada, C. Active RNAP pre-initiation sites are highly

mutated by cytidine deaminases in yeast, with AID targeting small RNA genes.
Elife 3, €03553 (2014).

Pavri, R. & Nussenzweig, M. C. AID targeting in antibody diversity. Adv.
Immunol. 110, 1-26 (2011).

Storb, U. Why does somatic hypermutation by AID require transcription of its
target genes? Adv. Immunol. 122, 253-277 (2014).

Pavri, R. et al. Activation-induced cytidine deaminase targets DNA at sites
of RNA polymerase II stalling by interaction with Spt5. Cell 143, 122-133
(2010).

Lamichhane, R., Solem, A., Black, W. & Rueda, D. Single-molecule FRET of
protein-nucleic acid and protein-protein complexes: surface passivation and
immobilization. Methods 52, 192-200 (2010).

Senavirathne, G. et al. Single-stranded DNA scanning and deamination by
APOBEC3G cytidine deaminase at single molecule resolution. J. Biol. Chem.
287, 15826-15835 (2012).

Bransteitter, R, Pham, P., Calabrese, P. & Goodman, M. F. Biochemical analysis
of hypermutational targeting by wild type and mutant activation-induced
cytidine deaminase. J. Biol. Chem. 279, 51612-51621 (2004).

. Chaudhuri, J. et al. Transcription-targeted DNA deamination by the AID

antibody diversification enzyme. Nature 421, 726-730 (2003).

Yin, H. et al. Transcription against an applied force. Science 270, 1653-1657
(1995).

Arnold, S. et al. Kinetic modeling and simulation of in vitro transcription by
phage T7 RNA polymerase. Biotechnol. Bioeng. 72, 548-561 (2001).

Tang, G. Q. Roy, R, Bandwar, R. P, Ha, T. & Patel, S. S. Real-time observation
of the transition from transcription initiation to elongation of the RNA
polymerase. Proc. Natl Acad. Sci. USA 106, 22175-22180 (2009).

Kim, J. H. & Larson, R. G. Single-molecule analysis of 1D diffusion and
transcription elongation of T7 RNA polymerase along individual stretched
DNA molecules. Nucleic Acids Res. 35, 3848-3858 (2007).

Zhang, Z., Revyakin, A., Grimm, J. B., Lavis, L. D. & Tjian, R. Single-molecule
tracking of the transcription cycle by sub-second RNA detection. Elife 3, 01775
(2014).

. Durniak, K. J., Bailey, S. & Steitz, T. A. The structure of a transcribing T7 RNA

polymerase in transition from initiation to elongation. Science 322, 553-557
(2008).

McKinney, S. A, Joo, C. & Ha, T. Analysis of single-molecule FRET trajectories
using hidden Markov modeling. Biophys. J. 91, 1941-1951 (2006).

Shen, H. M., Ratnam, S. & Storb, U. Targeting of the activation-induced
cytosine deaminase is strongly influenced by the sequence and structure of the
targeted DNA. Mol. Cell. Biol. 25, 10815-10821 (2005).

Canugovi, C., Samaranayake, M. & Bhagwat, A. S. Transcriptional pausing and
stalling causes multiple clustered mutations by human activation-induced
deaminase. FASEB J. 23, 34-44 (2009).

. Blanchard, S. C., Gonzalez, R. L., Kim, H. D., Chu, S. & Puglisi, J. D. tRNA

selection and kinetic proofreading in translation. Nat. Struct. Mol. Biol. 11,
1008-1014 (2004).

. Bransteitter, R., Pham, P., Scharff, M. D. & Goodman, M. F. Activation-induced

cytidine deaminase deaminates deoxycytidine on single-stranded DNA

37.

3

el

39.

40.

4

—_

42.

43.

44

4

w

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57

58.

59.

but requires the action of RNase. Proc. Natl Acad. Sci. USA 100, 4102-4107
(2003).

Sohail, A., Klapacz, J., Samaranayake, M., Ullah, A. & Bhagwat, A. S. Human
activation-induced cytidine deaminase causes transcription-dependent,
strand-biased C to U deaminations. Nucleic Acids Res. 31, 2990-2994 (2003).

. Larijani, M. & Martin, A. Single-stranded DNA structure and positional context

of the target cytidine determine the enzymatic efficiency of AID. Mol. Cell. Biol.
27, 8038-8048 (2007).

Mu, Y., Prochnow, C., Pham, P., Chen, X. S. & Goodman, M. F. A structural
basis for the biochemical behavior of activation-induced deoxycytidine
deaminase class-switch recombination-defective hyper-IgM-2 mutants. J. Biol.
Chem. 287, 28007-28016 (2012).

Mak, C. H.,, Pham, P., Afif, S. A. & Goodman, M. F. Random-walk enzymes.
Phys. Rev. E 92, 032717 (2015).

. Tafvizi, A., Mirny, L. A. & van Oijen, A. M. Dancing on DNA: kinetic aspects of

search processes on DNA. Chemphyschem. 12, 1481-1489 (2011).

Kim, J.-Y., Kim, C. & Lee, N. K. Real-time submillisecond single-molecule
FRET dynamics of freely diffusing molecules with liposome tethering. Nat.
Commun. 6, 6992 (2015).

Nambu, Y. et al. Transcription-coupled events associating with
immunoglobulin switch region chromatin. Science 302, 2137-2140 (2003).

. Chaudhuri, J., Khuong, C. & Alt, F. W. Replication protein A interacts with

AID to promote deamination of somatic hypermutation targets. Nature 430,
992-998 (2004).

. Conticello, S. G. The AID/APOBEC family of nucleic acid mutators. Genome

Biol. 9, 229 (2008).

Maeda, K. et al. GANP-mediated recruitment of activation-induced cytidine
deaminase to cell nuclei and to immunoglobulin variable region DNA. J. Biol.
Chem. 285, 23945-23953 (2010).

Ranyjit, S. et al. AID binds cooperatively with UNG and Msh2-Mshé to Ig switch
regions dependent upon the AID C terminus. J. Immunol. 187, 2464-2475
(2011).

Jeevan-Raj, B. P. et al. Epigenetic tethering of AID to the donor switch region
during immunoglobulin class switch recombination. J. Exp. Med. 208,
1649-1660 (2011).

Yamane, A. et al. Deep-sequencing identification of the genomic targets of the
cytidine deaminase AID and its cofactor RPA in B lymphocytes. Nat. Immunol.
12, 62-69 (2011).

Keim, C., Kazadi, D., Rothschild, G. & Basu, U. Regulation of AID, the B-cell
genome mutator. Genes Dev. 27, 1-17 (2013).

. Ramiro, A. R, Stavropoulos, P., Jankovic, M. & Nussenzweig, M. C.

Transcription enhances AID-mediated cytidine deamination by exposing
single-stranded DNA on the nontemplate strand. Nat. Immunol. 4, 452-456
(2003).

Yu, K., Chedin, F., Hsieh, C. L., Wilson, T. E. & Lieber, M. R. R-loops at
immunoglobulin class switch regions in the chromosomes of stimulated B cells.
Nat. Immunol. 4, 442-451 (2003).

Huang, F. T. et al. Sequence dependence of chromosomal R-loops at the
immunoglobulin heavy-chain Smu class switch region. Mol. Cell. Biol. 27,
5921-5932 (2007).

Kato, L. et al. Nonimmunoglobulin target loci of activation-induced cytidine
deaminase (AID) share unique features with immunoglobulin genes. Proc. Natl
Acad. Sci. USA 109, 2479-2484 (2012).

Pham, P., Landolph, A., Mendez, C., Li, N. & Goodman, M. F. A biochemical
analysis linking APOBEC3A to disparate HIV-1 restriction and skin cancer.
J. Biol. Chem. 288, 29294-29304 (2013).

Lata, S., Reichel, A., Brock, R., Tampe, R. & Piehler, J. High-affinity adaptors for
switchable recognition of histidine-tagged proteins. J. Am. Chem. Soc. 127,
10205-10215 (2005).

. Lata, S., Gavutis, M., Tampe, R. & Piehler, J. Specific and stable fluorescence

labeling of histidine-tagged proteins for dissecting multi-protein complex
formation. J. Am. Chem. Soc. 128, 2365-2372 (2006).

He, B. et al. Rapid mutagenesis and purification of phage RNA polymerases.
Protein Expr. Purif. 9, 142-151 (1997).

Zhao, R. & Rueda, D. RNA folding dynamics by single-molecule fluorescence
resonance energy transfer. Methods 49, 112-117 (2009).

Acknowledgements

We thank Dr Upton for the synthesis of Cy3- and Cy5-OEG-TrisNTA, Dr Ritort for
discussions on the distance calibration experiments (Supplementary Figs 17 and 18), and
Dr van Oijen for discussions on the mean squared displacement analysis (Fig. 6 and
Supplementary Fig. 20). This work was supported, in whole or in part, by the National
Institutes of Health (GM085116 to D.R., and ES13192 and GM21422 to M.F.G.), the
National Science Foundation (MCB-0747285 to D.R. and CHE-0713981 to C.H.M.), the
Clinical Sciences Center of the Medical Research Council (RCUK MC-A658-5TY10)
and a start-up grant from Imperial College London.

| 6:10209 | DOI: 10.1038/ncomms10209 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

Author contributions

G.S., J.G.B., M.J,, K.C. and P.P. conceived and conducted the study under the
supervision of D.R. and M.F.G.; C.M. performed mean square displacement and
FRET-ssDNA distance calibration analyses; all the authors drafted and edited the
manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial
interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Senavirathne, G. ef al. Activation-induced deoxycytidine
deaminase (AID) co-transcriptional scanning at single-molecule resolution.
Nat. Commun. 6:10209 doi: 10.1038/ncomms10209 (2015).

This work is licensed under a Creative Commons Attribution 4.0

BY International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:10209 | DOI: 10.1038/ncomms10209 | www.nature.com/naturecommunications 1


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Visualizing RNAP during transcription

	Figure™1Single molecule FRET visualization of RNAP transcription.(a) Single-molecule FRET setup: surface-immobilized Cy3-labelled dsDNA (FRET donor in blue) with an RNAP promoter near the surface is used for transcription by Cy5-RNAP (FRET acceptor in red
	AID translocates with RNAP during transcription

	Figure™2AID co-transcriptionally scans dsDNA.(a) Single-molecule FRET setup for visualizing co-transcriptional AID scanning. A Cy3-labelled dsDNA (FRET donor in blue) with an RNAP promoter near the surface is surface-immobilized and RNAP transcribes the D
	AID and RNAP co-localize at transcription initiation sites
	AID scans randomly while constrained in an 8-nt DNA bubble

	Figure™3AID co-localizes with RNAP in transcription initiation bubbles and scans static ssDNA bubbles.(a) Cy3-RNAP and Cy5-AID incubated with surface-immobilized unlabelled dsDNA show co-localization of both enzymes within the transcription initiation bub
	AID moves in short random slides/hops on ssDNA

	Figure™4AID scans ssDNA randomly and bidirectionally.(a) Single-molecule FRET setup for analysing scanning of AID on ssDNA. A 92-nt ssDNA construct is annealed to a Cy3-labelled surface-immobilized anchor DNA. Binding and scanning of Cy5-AID results in FR
	AID motion is similar at high- and low-salt concentrations

	Figure™5AID scanning in the presence of multiple deamination targets.Representative smFRET time trajectories (panel 1, Ngt100), PSH (panel 2) and estimated nucleotide position histograms (panel 3, motifs highlighted in grey). Experimental set up is the sa
	Scanning motion of AID involves excursions of many sizes
	Resolving AID scanning from ssDNA creasing

	Discussion
	Figure™6Diffusion coefficient histograms from MSD analysis.Distribution of one-dimensional diffusion coefficients obtained from mean square displacement analysis (see Supplementary Fig.™20) of (a) 5prime AAC, (b) 5prime AAU, (c) pdT and (d) all the three 
	Methods
	Cy5- and Cy3-labelled AID and T7 RNAP for smFRET

	Figure™7Model for co-transcriptional scanning of AID.(a) AID does not bind to dsDNA in the absence of T7 RNAP. (b) Following the formation of a transcription initiation bubble at the T7 promoter by RNAP, AID binds to the bubble with RNAP. (c) AID transloc
	DNA oligonucleotides
	smFRET for co-transcriptional AID scanning
	smFRET for Cy5-AID scanning transcription bubble dsDNA
	smFRET for Cy5-AID scanning ssDNA
	Post-synchronization analysis
	FRET-ssDNA distance calibration experiments
	Mean square displacement analysis

	MuramatsuM.Specific expression of activation-induced cytidine deaminase (AID), a novel member of the RNA-editing deaminase family in germinal center B cellsJ. Biol. Chem.27418470184761999MuramatsuM.Class switch recombination and hypermutation require acti
	We thank Dr Upton for the synthesis of Cy3- and Cy5-OEG-TrisNTA, Dr Ritort for discussions on the distance calibration experiments (Supplementary Figs™17 and 18), and Dr van Oijen for discussions on the mean squared displacement analysis (Fig.™6 and Suppl
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




