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1 Supporting Information Text

Identifying the set of possible annotations for a sequence

We aim to identify all feasible combinations of microhomology-adapted trimming and ligation values (T, T,
and M) that could account for the observed sequence X. Recall that Sy and S; represent the V-gene and
J-gene, which each define a V-gene and J-gene sequence, respectively. For ease of notation, these sequences
are both oriented in the 3’-to-5’ direction and are represented as ordered lists of nucleotides. Although the
top strand of the V-gene typically follows a 5’-to-3’ orientation, we reverse it here for notational convenience.

To begin, we employ a sequence annotation tool such as IGoR to infer a trimming configuration, given
by Ry and Ry, denoted as ry and 7 for specific initial instances. Because these annotation tools do not
consider microhomology, they assume that M = 0. Thus, our initial set of possible annotations, A x, includes
only (Tv =ry, Ty =ry,M = 0). To expand Ax to include annotations with microhomology (M > 0), we
introduce a function h(z,y), which quantifies the number of contiguous complementary nucleotides between
two overlapping, equal-length sequence regions x and y. This function is defined as:

h(z,y) = lenz(':t) 1 if 2(j) is complementary to y(j) for all j € {0,...,i} (1)
W= 5 |0 otherwise.

We apply this function to assess complementarity in overlapping regions between a V-gene sequence Sy and
a J-gene sequence S, aligning the sequences without gaps at the IGoR-inferred trimming sites ry and 7
(Figure S9). The overlapping regions are:

1. The V-gene:trimmed-J region, where seq,,;meq(Ss,7.7) Tepresents the trimmed J-gene sequence ori-
ented 5-to-3’, and seqoverlap(Sv, rv,T) represents the overlapping V-gene sequence oriented 3’-to-5’.

2. The J-gene:trimmed-V region, with seq,ipymeq(Sv, 7v) and seqqyep1a, (S, 77, v ) Tepresenting the trimmed
V-gene and overlapping J-gene sequences oriented 5’-to-3’ and 3’-to-5’, respectively.

We define k; and ky as the counts of contiguous complementary nucleotides in these regions:

k= h(seqoverlap(SV7 Tv, TJ)? Seqtrimmed(SJ’ TJ))



and
kV = h(seqoverlap(SJ7 7, Tv), Seqtrimmed(SV7 Tv)) .

Given these values, a sequence X with an initial IGoR-inferred trimming configuration (Ty = rv, Ty =
ry, M = 0) can also be annotated with microhomologous nucleotide counts M ranging from 0 to kv + k.
For each of these values of M, the corresponding trimming amounts (Ty and T;) are adjusted accordingly.
This expands the set of possible annotations Ax to:

Ax ={(ry,r;,0)} U{(rv,rs,m) | conditions}.
The conditions are:

1. For each possible annotation, ¢ty and t; (realizations of Ty and T;) are within the range of initial
IGoR-inferred trimming values adjusted by the contiguous nucleotide count: ry — ky < ty < ry and
rp—ky<t;<ry.

2. The microhomologous nucleotide count m (a realization of M) ranges from 0 to the sum of contiguous
complementary nucleotides: 0 < m < ky + k.

3. The sum of the trimming amounts ¢ty and ¢; and the microhomologous nucleotide count m equals the
sum of the initial IGoR-inferred trimming amounts: ty +t; +m=ry + 1y

This process can be repeated to identify the sets of all possible sequence annotations for each sequence
sampled from a TCRa repertoire.

Defining a model weight function

We aim to model the influence of various sequence-level parameters, including microhomology-related pa-
rameters, on joint trimming and ligation configuration probabilities, P(T, M | S,Q,I = 0), where T rep-
resents the microhomology-adapted trimming configuration, M represents the number of microhomologous
nucleotides used in ligation, S represents the gene pair, () represents the productivity of the sequences,
and I = 0 represents zero N-insertions. For our modeling purposes, we assume the following about V(D)J
recombination biology:

1. The DNA hairpin of each joining gene is nicked open by a single-stranded break [3, 8, 7, 4, 6].

2. This hairpin nick occurs at the +2 position, creating a 4-nucleotide-long 3’-single-stranded overhang,
with the two 3’-most nucleotides being P-nucleotides [7, 6].

3. If any part of the original gene sequence is deleted, all P-nucleotides will also be deleted [3, 10].

These assumptions allow us to determine the germline nucleotide sequence on both sides of each trimming
site and define sequence-level model features. We assume that observations can be drawn from a model
where these features vary across trimming and/or ligation configurations for a given gene pair. Using these
assumptions, we previously demonstrated that local nucleotide identity surrounding trimming sites (the
“trimming motif”) and the counts of GC or AT nucleotides beyond these motifs (the “two-side base-count
beyond”) are highly predictive of trimming probabilities for single gene sequences [9]. Building on this
foundation, we aim to integrate these established parameters with newly developed microhomology-related
parameters to assess the combined effects on the processes of trimming and ligation.

For our model, we define two sets of parameters, one trimming-related and one ligation-related, to model
the probabilities of trimming and ligation configurations. We model trimming configuration probabilities
using established trimming motif (given by Bi**f and B%***) and two-side base-count beyond (given by B3,

AJT, (‘;/C, and ﬁ%c) parameters for each gene, along with a new parameter related to microhomology (given by
i) - This new parameter measures the importance of the average number of microhomologous nucleotides
between two trimmed sequences for trimming configuration probabilities. Additionally, we model ligation
configuration probabilities using another new parameter related to microhomology (given by Si8) which
measures the importance of the number of microhomologous nucleotides within the ligation configuration.



Using these model parameters, we define weight functions for the trimming choice firin and the ligation
choice f1ig such that our model of P(T, M | S,Q, I = 0) will be a normalized version of these weights.

The trimming-related weight function fi,i, aggregates the desired parameter-specific weight functions
(defined in Table S2) as follows:

ftrim(Ta Sy ﬁtrim)
= fmotif (TV7 SV; n‘ytif) + fmotif (TJa SJ; ?}Otif)
+ fcount(TV7 SV; ‘%/T7 (\;/C) + fcount(TJa SJ; I}T; GJC)
+ ferimm(T, S; 5.
For notational convenience, B,,;, represents the set of all trimming-related regression parameters, S =
(Sv,Sy) represents a gene pair, T = (Ty,Ty) represents a trimming configuration, and M represents the
number of microhomologous nucleotides within the ligation configuration.

Additionally, we define a ligation-related weight function fi;, that consists of the relevant parameter-
specific weight function (defined in Table S2) as follows:

Jrig(T, M, S; /31ig) = fligMH(M;ﬁligMH) (3)
where 3;;, represents the set of all ligation-related regression parameters, which for our purposes includes
only gtigh,

We further define each of these trimming-related and ligation-related regression parameters, along with
their corresponding weight functions, within the following sections:

(2)

Defining “trimming motif” parameters

As in our previous work [9], we define trimming motif parameters to include one nucleotide position 5’ of the
trimming site and two nucleotide positions 3’ of the trimming site. We describe this definition for a V-gene
sequence and V-gene trimming amount, but it applies similarly to a J-gene sequence and J-gene trimming
amount.

Recall that Sy represents the V-gene which defines a V-gene sequence. For ease of notation, we orient
this sequence in the 3’-to-5’ direction and represent it as an ordered list of nucleotides. Recall that Ry is
a random variable representing a V-gene trimming amount. Let Sy (Ry + 2 — j) represent the nucleotide
identity at the trimming motif position j € {0,...,2} where positions j < 0 represent motif positions 5’ of
the trimming site and positions j > 0 represent motif positions 3’ of the trimming site. The trimming motif
sequence (oriented 5-to-3’) is given by the ordered list:

(Sv(Ry +2— j))j:O' (4)

Depending on Ry, this trimming motif may or may not include P-nucleotides. For Ry > 2, the two 3’
trimming motif nucleotides will include the two deleted gene sequence nucleotides 3’ of the trimming site
(and no P-nucleotides). Since we are assuming that the initial hairpin nick occurs at the +2 position, there
will be two P-nucleotides present in the 5’-to-3’ gene sequence. For 0 < Ry < 2, P-nucleotides will be
included in the trimming motif sequence. Likewise, as a result of the +2 hairpin nick position assumption,
TCRs that have Ry < 0 will not have a full-length nucleotide trimming motif. For these “off-the-end” motif
cases, we assign zero influence to the missing nucleotides during model fitting.

Let B3 be a (log) position-weight-matrix parameter for trimming motif position j € {0,...,2} and
nucleotide k& € {A,T,C,G}. The set of all such parameters for the V-gene is denoted by B5***. We can
define an un-normalized position-weight-matrix weight:

2
fmotif(RV7SV; I{l/(')tlf) = Z ?g?{RV‘FQ—j) (5)
=0

that will serve as a motif-specific weight function in subsequent modeling. As described above, since we
are considering “off-the-end” motif cases, Sy (Ry + 2 — j) will represent the nucleotide identity at sequence
position j where positions j < 0 represent sequence positions 5’ of the trimming site and positions 7 > 0
represent sequence positions 3’ of the trimming site.



Defining “base count” parameters

As in our previous work [9], we will also define parameters for the counts of GC and AT nucleotides on either
side of each trimming site. We describe this definition for a V-gene sequence and V-gene trimming amount,
but it applies similarly to a J-gene sequence and J-gene trimming amount. For an arbitrary sequence x, we
can count the number of AT and GC nucleotides within the sequence as

C*(z) = C¥(z) + C(x) (6)

and
C%(x) = C%(x) + C%(a), (7)
respectively.

Since the count of AT or GC nucleotides within the sequences 5’ and 3’ of the trimming site may influence
the probability of trimming differently, we calculate the counts separately and exclude nucleotides already
included in the motif parameterization. As above, recall that Ry represents a V-gene trimming amount
and Sy represents a V-gene which defines a V-gene sequence. For ease of notation, we orient this sequence
in the 3’-to-5’ direction and represent it as an ordered list of nucleotides. Let Sy (Ry + 2 — j) represent
the nucleotide identity at the trimming motif position j € {0,...,2} where positions j < 0 represent motif
positions 5’ of the trimming site and positions j > 0 represent motif positions 3’ of the trimming site. As
in our previous work, we include the ten nucleotides 5’ of the motif in the 5’ nucleotide counts. Since we
include one nucleotide 5’ of the trimming site in the “trimming motif” parameters (as described in the
previous section), the nucleotide sequence 5’ of the trimming site, beyond the “trimming motif”, is given by
the ordered list

seqs(Rv, Sv) = (Sv(Rv +2-7)) . (8)

To count the number of AT and GC nucleotides in the sequence 3’ of the trimming site, we include all
nucleotides located 3’ of the trimming site beyond the “trimming motif.” Since we are interested in using
GC nucleotide content as a proxy for sequence-breathing, which is relevant only for paired nucleotides, we
exclude nucleotides within the 3’ single-stranded overhang. Assuming the initial hairpin nick occurs at the
+2 position, leading to a 4-nucleotide-long 3’ single-stranded overhang, for Ry > 2, the nucleotide sequence
3> of the trimming site, beyond the “trimming motif” (which contains two nucleotide positions 3’ of the
trimming site), is given by the ordered list:

(Sv(Ry +2- )57 if (Ry —2) > 3

0 it (Ry —2) < 3. ®)

seqs(Ry, Sv) = {

For (Ry — 2) < 3, all nucleotides 3’ of the trimming site are considered single-stranded, and thus no
nucleotides will be included in the sequence used to calculate the AT and GC base-counts.

With these sequences 5’ and 3’ of the trimming site, we define 821, Bir, Bey,, and 5% to be V-gene
specific base-count-beyond model parameters for 5’ and 3’ sequence base-counts of AT and GC beyond the
“trimming motif”, respectively. The set of all such parameters for the V-gene are denoted by B} and 35°.

With these parameters, we define a base-count-beyond weight function:

fcount(RVa SV; 1‘\}" (\}/(':) = g%ﬂ/ : CAT(SeqS(RVa SV)) + 53%—/ : CAT(SeqS(RVﬂ SV))
+ B3y - C%(seas(Ry, Sv)) + B5y, - C%(seqs(Rv, Sv')).
using the functions C*T and C% as defined in (6) and (7), respectively. As defined, these GC and AT base-

counts for the 3’ sequence are dependent on sequence length and provide a parameterization of both GC
nucleotide content and length.

(10)

Defining “microhomology” parameters for trimming configuration choice

We can parameterize the average number of microhomologous nucleotides across possible ligation configura-
tion choices for a given trimming configuration and define %™ to be an microhomology model parameter
specific to trimming choice. We define a function g that returns this average value as follows:

Y
o8 = =



such that Mgr is the set of all possible ligation configurations for the chosen trimming configuration 7" and
gene pair S. With this function, we can define a microhomology weight function

fovimu(T, S; BF7%) 1= prin. (T, S). (11)

Defining “microhomology” parameters for ligation configuration choice

We can directly use the ligation configuration M, which represents the number of microhomologous nu-
cleotides in the observed sequence, as a parameter. We then define 88 as the microhomology model
parameter for predicting the choice of ligation configuration. We use the term “observed” for this microho-
mology parameter because these particular microhomologous nucleotides directly participate in the ligation
process and are homologous in the final sequence. As such, we can define a microhomology weight function:

fligMH(M§ ﬁligMH) — BligMH . M. (12)

Extended model formulation and training description

We aim to model the influence of various sequence-level parameters, including microhomology-related pa-
rameters, on joint trimming and ligation configuration probabilities, P(T, M | S,Q,I = 0), where T rep-
resents the microhomology-adapted trimming configuration, M represents the number of microhomologous
nucleotides used in ligation, S represents the gene pair, () represents the productivity of the sequences, and
I = 0 represents zero N-insertions. Modeling this probability is complex because the true trimming and
ligation annotation of each sampled sequence is a latent variable that will depend on the model parameters.
As described earlier, we obtain the set of possible microhomology-adapted trimming and ligation annotations
(T and M), denoted as Ax, for a given sequence X by transforming the initial IGoR-inferred trimming an-
notations R. We assign probabilities (or weights) to each potential annotation, and since these probabilities
depend on the model parameters, we use an expectation-maximization algorithm for parameter inference.
Below, we provide a detailed description of these steps.

We employ a two-step conditional logit model to capture the decision-making involved in selecting trim-
ming and ligation configurations for V-J gene pairs. Our model describes a generative process in two steps:

1. We model the probability, P(N | S,Q), of choosing a trimming configuration N for a given V-J gene
pair .S and sequence productivity @. This probability is modeled by parameters specific to trimming
configurations.

2. We model the probability, P(M | N, S, @), of choosing a ligation configuration M for a given trimming
configuration N, V-J gene pair S, and sequence productivity . This probability is modeled by
parameters specific to each ligation configuration.

The joint probability of a trimming configuration N and a ligation configuration M for a given V-J gene
pair S and sequence productivity @ can be factored as:

P(N,M | 5,Q) = P(N |5,Q) x P(M|N,S,Q).

Figure 3 depicts the two-step structure of our model, illustrating the decision-making process for an example
V-J gene pair.

To incorporate characteristics of each possible trimming and ligation configuration in our model, we
define parameter-specific weight functions such that our model of P(T, M | S,Q, I = 0) will be a normalized
version of these weights. In our previous work, we established that local nucleotide identities at trimming
sites (the “trimming motif”) and the counts of GC or AT nucleotides beyond these motifs (the “two-side
base-count beyond”) are strong predictors of trimming probabilities for single gene sequences [9]. Building
on this foundation, we have integrated these established parameters with newly developed microhomology-
related parameters to assess the combined effects on the processes of trimming and ligation. First, we
define the trimming-related weight function firin(T,S; Birin) Parameterized by as set of trimming-related
parameters B, in, Which includes previously established trimming motif and base-count-beyond parameters,
and a new trimming-related microhomology parameter. This new parameter measures the effect of the



average number of microhomologous nucleotides between two sequences, a value that varies depending on the
chosen trimming configuration. Similarly, we define the ligation-related weight function f11¢(7', M, S; B1;,)
parameterized by a new ligation-related microhomology parameter (3,;, which measures the effect of the
number of microhomologous nucleotides between two sequences, a value that varies depending on the chosen
trimming and ligation configuration. These parameters and weight functions are summarized in Table S2
and defined in detail in previous Supplementary Materials sections.

With these weight functions, our model estimates the joint probability of a trimming and ligation config-
uration (given by T and M) for a given V-J gene pair S, sequence productivity @, and N-insertion amount
I' =0, combining influences of regression parameters B, and B,

P(T,M|5,Q,1= O;Btrimﬂalig) =P(T|8,Q,1= O;IBtrim’/@hg) x P(M|T,S,Q,1= O;ﬂlig)' (13)

To model the trimming configuration probability P(T" | S,Q,I = 0;B¢yin, Brig), We expand conditional
probability, giving:

P(T7S7Q7I: O;IBtrimﬂalig) = P(Q7I:O | T’S;lglig) X P(T7S;Btrim)'

With this, we model P(T'| S,Q, I = 0; Byrin: Brig) as:

_ P(T,S,Q,1 = O;ﬁtrim’ﬁlig)

B ZT’eT P(T’,S7Q,I = 0§/8trima/81‘1g)

_ P(QI=0]|T,S;By,) P(T,S; Birsn)

Y er P(Q I =01T",8;Bys,) - P(T", S Berin)
P I=0]|T,8;B) - exp (ferin(T, S; Birin))

C e P(QI=0T,8;8,) - exp (frrin(T", S Berin))

P(T | SanI = O;ﬂtrimHBlig)

where firin is the trimming-related weight defined in (2) and 7 is the set of all possible trimming config-
urations for the specified sequence productivity @ and N-insertion amount I = 0. We model P(Q,I = 0 |
Ta Sa 51ig) as:

P(T,8,Q,1=0;Byg)  Sapeam, PIM,T,S,Q.1=0;85,)
P(T,S:Bg)  Lapem, P(M2,T,S:Busg)
~ Xanem, P(ML, TS5 By,
C Yanem, P(Ma, T, S 8y5,)
_ 2Mem, P (frig(T, My, S5 Buyg))
T Y anent, P (fug(Ts Mo, S5 B1yp))

PQ, 1= O|T7S;ﬂlig) =

given that P(M,T,S,Q,I = O;ﬂlig) = P(M,T,S,; ,Blig). Here, fiig is the ligation-related weight defined
n (12), M, is the set of all possible ligation configurations for the chosen trimming configuration T', sequence
productivity @, and N-insertion amount I = 0 and M is the set of all possible ligation configurations for
the chosen trimming configuration 7. Similarly, we model the ligation configuration probability P(M |

T,8,Q,1 = 0;By;,) as:

P(M,T,S,Q,I=0;8,;,)
T Shen, POMLL T, 5,Q.1=0;8y,,)
_ P(M, TaS;ﬁlig)
S aent, POML, T, S Bryy)
N exp (flig(T, M, S;ﬁlig))
T ZMleMl exp (flig(T, My, Sh@ng)) .

P(M | TaSaQalzo;ﬁlig)




Combining these, our model becomes

P<T7M | S,Q,1 = O;ﬂligﬂgtrim)
= P(T | S’Q7I = O;ﬁtrim’lglig) X P(M | T? S?Qvl = O;/Glig)
P(Q,I=0|T,S; 5lig) - €Xp (ftrim(T7 S ﬂtrim)) exp (flig(T7 M, S; /Blig))

B ZT’ET P(Q7I =0 ‘ Tl? Sv Blig) + €Xp (ftrim(T/y S;IBtrim)) - ZA{leMl €Xp (g(T7 M1> Sa/gllg)() . )
17

where P(Q,I =0|T,S5;B;,) is defined in (15).

Recall that our data consists of sequences and we are considering sets of all possible sequence annotations
Ax for each sampled sequence X. Each annotation includes a microhomology-adapted trimming configu-
ration T ligation configuration M. To infer the parameters of our model P(T, M | S,Q,I = 0; B11g, Birin);
defined in 17, while marginalizing over all possible sequence annotations for each sequence, we employ an
expectation-maximization (EM) approach. This iterative algorithm proceeds as follows: starting with initial
model parameters B, and By, ,, we aim to update to improved parameters 3y, and B,;,. We define the
normalized conditional probability of a specific sequence annotation (T’ =t, M = m) € Ax given a sequence
X with gene pair S = s as:

P(t7 m ‘ s,q,1 = 0; ﬁlig? Btrim)
Z(t’,m’)EAx P(t/, m/ | S, 4, I= Oa 6liga ﬂtrim) ‘
(18)
Here, P(t,m | s,q,1 = 0; B144, Birin) is computed according to (17). With this, we then define the expected
log-likelihood of new parameter estimates ,B'hg and B;,;, given the current estimates Brig and By, for a
single sampled sequence X as:

e(ﬁiigalgirim | Bligvlgtrim;X7 Qa I= 0)

= Z Pannot(T:taM:m|S:Sanlzo;Xvﬁliga/Btrim)
(t,m)eAx

Pannot(T:t7M =m | S = SaQ :q7[:0;X751igaﬁtrim) =

xlogP(T=t,M=m|S=s0Q,I= O;ﬂiig?/@;rim)
(19)
where Pannot (T =t, M =m | § = 5,Q = ¢,1 = 0; X, B1yg, Birin) and P(T =t, M =m | S =5,Q =¢q,] =
0; ,8’11g7 Birin) are defined in (18) and (17), respectively. Similarly, we define the log-likelihood function for a
random sample of observed sequences X as:

L(ﬁ;igalgirim | :Bligvlgtrim;‘)(aQaI = O) = Z O(X) X E(lgllig7ﬁfcrim | Blig)ﬁtrim;XaQ7I = O) (20)

XeX

where C'(X) represents the observed count of a specific sequence X € X in the sampled data and E(,B;ig, Birin |
Bhigs Berin; X, Q, 1 = 0) is defined as in (19). The calculation of this expectation £ constitutes the E-step
of our EM procedure. Subsequently, in the minimization step (M-step), we update the model parameters
by minimizing the negative log-likelihood of the observed data obtained in the E-step. This minimization
step is performed using gradient descent with the JAX and JAXopt packages in Python [2, 1]. The algorithm
iterates between the E and M steps until changes in the negative log-likelihood between successive iterations
fall below a predefined threshold, indicating convergence.

Evaluating model using simulated data

To ensure our model returned expected outputs, we designed a data simulator capable of generating data
under specific microhomology regimes. The simulator first samples a V-gene and J-gene according to IGoR-
derived gene usage probabilities. Next, we establish probabilities for each trimming configuration using
outputs from a version of our model that excludes microhomology terms, incorporating only trimming
motif and base count terms. We then adjust these trimming probabilities using a tunable parameter to
simulate the effect of microhomology, and the simulator samples a trimming configuration based on these
adjusted probabilities. Finally, the simulator samples a ligation configuration uniformly, unless adjusted for



microhomology effects by another tunable parameter. These two tunable parameters allow us to control the
influence of microhomology on trimming and ligation choices. This process generates an observed simulated
sequence, and by repeating it, we obtain a large set of simulated sequences to train and evaluate our model.
We ran the simulator in four modes:

1. No microhomology effect: Both tunable microhomology parameters set to zero; microhomology
does not influence trimming or ligation choices.

2. Microhomology affects both trimming and ligation: Both tunable microhomology parameters
set to nonzero, positive values; microhomology increases probabilities for both trimming and ligation
choices.

3. Microhomology affects trimming, but not ligation: Trimming-related parameter set to a nonzero,
positive value and ligation-related parameter set to zero; microhomology increases trimming choice
probabilities but does not affect ligation probabilities.

4. Microhomology affects ligation, but not trimming: Ligation-related parameter set to a nonzero,
positive value and trimming-related parameter set to zero; microhomology increases ligation choice
probabilities but does not affect trimming probabilities.

Using these simulated datasets, we trained our model to ensure that the expected inferred parameters were
obtained. We also adjusted the strength of the microhomology-related effects using these tunable parameters
to ensure our model could capture these signals.

Exploring the relationship between microhomology and trimming probabilities,
independent of ligation

To quantify the effect of microhomology on trimming configuration probabilities independently of ligation,
we restrict our training dataset to non-productive sequences containing N-insertions, as their presence sug-
gests that germline-microhomology-mediated ligation did not occur. We aim to determine the influence of
various sequence-level parameters on P(R | S,Q,I > 0), where R represents the IGoR-inferred trimming
configuration, S represents the gene pair, ) represents the sequence productivity, and I > 0 represents
nonzero N-insertions.

We previously demonstrated that local nucleotide identity surrounding trimming sites (the “trimming
motif”) and the counts of GC or AT nucleotides beyond these motifs (the “two-side base-count beyond”) are
highly predictive of trimming probabilities for single gene sequences [9]. Here, we model the probabilities of
trimming configurations for gene pairs using these established parameters along with a new parameter related
to “intermediate microhomology.” This new parameter measures the importance of the average number of
microhomologous nucleotides between two trimmed sequences, which, notably, are not homologous in the final
rearranged sequence, see following section for definition. A summary of these model parameters and their
corresponding weights for an arbitrary gene pair S = (Sy, Sy) and trimming configuration R = (Ry, R;) is
given in Table S2.

Using these model features, we define a weight function f such that our model of P(R | S,Q,I > 0)
will be a normalized version of this weight. We parameterize f using 3, the set of all model parameters, as

follows: . |
F(R,S; B) = f(R,S;BreFH, @rovit @AT 39 gAT 3ec i)
= fuotit (Rv, Sv; I{l}jtif) + fuotit (R, Sy; ’3°tif)
+ feount (Rv, Sv; Q/T, “;/C) + feount (R, Sy I}T’ 30)
+ fam(Ry, Ry, Sy, Sy; B,

Here, the parameter-specific weights fuotif, feount, and fimg are summarized in Table S2 and in the following
section.
With this weight formulation, we can fit a conditional logit model which posits

g D (f(R,S:6))
P(R|S,Q,1>0;8) = S wenoxp (J(.5:B))

(21)




Here, S and R are random variables representing the V-gene and J-gene pair and trimming configuration,
respectively, and R is the set of all reasonable trimming configurations.

The likelihood function ¢(3) for a random sample of sequences is the likelihood of the model parameters
3 given a set of observed trimming configurations for specific gene pairs. The log likelihood function is:

log ¢(83)
=Y Y C(R,5.Q,1>0) logPR |5,Q,1>0,0) (23)

S’eS R'eR

where S represents the set of all gene pairs and R represents the set of all reasonable trimming configurations.
Here, C(R’,S’,Q,I > 0) is the count of sequences with trimming configuration R’, gene pair S’, nonzero
N-insertions, and sequence productivity @ and P(R' | S’,Q,I > 0;3) is given by Equation (22).

We include an additional regularization term for the intermediate-microhomology-specific parameters to
help prevent over-fitting during model training. As such, we define a log loss function as

L(B) = —logl(B) + X - (5*)? (24)

where log ¢(8) is given by (23) and X is a L2 regularization hyperparameter. We minimize this log loss
function using gradient descent with the JAX and JAXopt packages in Python [2, 1]. We use a grid search to
optimize the L2 regularization hyperparameter, A\. Notably, training this model without regularization (i.e.
A = 0) yields the same results as using the mclogit package in R, another implementation of conditional
logistic regression that does not allow for regularization.

Defining “intermediate microhomology” parameters

In addition to the previously defined parameters, we define new microhomology-related parameters to model
possible intermediate microhomology-mediated effects on the observed trimming configuration. We use the
term “intermediate” because these nucleotides, while not directly participating in the final ligation, may
temporarily influence intermediate steps such as trimming. Let a be a non-negative integer value that
represents the number of nucleotides 5’ of each trimming site which are allowed to overlap between the two
sequences when orienting the top strand of the V-gene sequence 5’-to-3” and the bottom strand of the J-gene
sequence 3’-to-5’ (e.g. as highlighted in yellow in Figure S10). Given a value of a, random variables Sy and
Sy representing a V-gene and J-gene which each define a V-gene and J-gene sequence (both oriented 3’-to-5’
as ordered lists), and random variables Ry and R representing V-gene and J-gene trimming amounts, the
sub-sequences corresponding to this overlapping region are defined by the following ordered lists
)0 .
seqy (Sy, Ry, a) = {(Sv(RV +2 - ]))j:(lia) ifa>1 (25)
() ifa=0

and (1—a)
(SJ(RJ+2—j))j:0 ifa>1

() if a=0. (26)

seqym (S, Ry, a) = {
Here, Sy (Ry +2—j) and S;(Ry+ 2 — j) represent the nucleotide identities at a sequence position j where
positions j < 0 represent sequence positions 5’ of the trimming sites and positions j > 0 represent sequence
positions 3’ of the trimming sites. The resulting sub-sequences, seqy,, (Sv, Ry, a) and seqq, (57, Ry, a), are
oriented in the 5’-to-3’ and 3’-to-5’ directions, respectively, making them complementary. To quantify micro-
homology, we can define a function g which will count the number of complementary (i.e. microhomologous)
nucleotides between two arbitrary overlapping, equal-length sequence regions, x and y, as

len(x) . N .

1 if 2(i) is complementary to y(7)
T,Y) = 27
9(@:y) ; {O otherwise. (27)

It has been established that classical non-homologous end joining, which is the joining process used
during V(D)J recombination, may involve up to four nucleotides of microhomology [5]. As such, we quantify



the average number of non-contiguous microhomologous nucleotides across these overlapping interior sub-
sequences corresponding to each a € {1,2,3,4} as follows:

Za6{1727374} g(squmh(SV7 Ry, a),sequu (S5, Ry, a))
4

m(Sv, Sy, Rv,Ry) = (28)

With this average number of microhomologous nucleotides, we define an intermediate microhomology
model parameter, 3™, and a corresponding weight function for a pair of trimming sites Ry and R; and
genes Sy and S;:

fum(Ryv, Ry, Sy, Sy ™M) == g™ .- m(Sy,S;, Ry, Ry) (29)

using the previously defined sequences and the function m as defined in (28).

10



2 Supporting Figures and Tables
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4.96 - TRA sequences
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Figure S1: Convergence of the expectation-maximization (EM) algorithm using a training dataset of
non-productive TCRa sequences without N-insertions, alongside their corresponding sets of potential
microhomology-adapted annotations (as detailed in Methods). The y-axis represents the expected per-
sequence log loss, as defined in (20).

Table S1: Summary of all notation used in our modeling.

Variable Description

General notation

X arbitrary sampled sequence

X set of sampled sequences

Sv,Sy random variables for the V- and J-gene

S ordered pair of genes, (Sy,Sy)

Ry,R; random variables for nucleotides deleted from the V/J-gene, inferred by
IGoR

R ordered pair of IGoR-inferred trimming amounts, (Ry, Ry)

1 random variable for number of N-insertions

Q deterministic variable for sequence productivity

M random variable for number of microhomologous nucleotides within the
observed sequence; also referred to as a “ligation configuration”

11



Ty, Ty

T

Ax

Motif parameter notation

random variables for microhomology-adapted trimming amounts from
V/J-gene

pair of microhomology-adapted trimming amounts, (Ty, Ty); also referred
to as a “trimming configuration”

set of possible microhomology-adapted trimming and ligation annotations
for a sequence X

motif motif
\4 M

fmotif (Tv, SV; IGD\I/Otif)
fmotif (TJ7 SJ; mJOtif)

set of all V/J-gene motif parameters, defined in detail within Supplemen-
tary Materials

V-gene motif weight function (5)

J-gene motif weight function (5)

Base-count-beyond parameter notation

AT GC
Vo MV
AT GC
J o MJ

fcount (TVa SV; /61\;}-7 g/C)

fcount (TJ, SJ; I}IT7 E;]C>

V-gene AT/GC base-count-beyond parameters, defined in detail within
Supplementary Materials

J-gene AT /GC base-count-beyond parameters
V-gene base-count-beyond weight function (10)

J-gene base-count-beyond weight function (10)

Microhomology parameter notation

trimMH QligMH
B 58

Jerimm (T, S; 6trimMH)
fligMH(M; ﬁligMH)

trimming /ligation microhomology parameters
trimming-related microhomology weight function (11)

ligation-related microhomology weight function (12)

Model notation

/Gtrim

lglig

ftrim(Ta S;ﬁtrim)

flig(T7 M7 S; Blig)

P(T7M | S,Q,1 = O;Btrimaﬁlig)
Pannot(T,M | SaQ,I
O;Xa ﬁlig?ﬂtrim)

g(ﬁiiy IB::rim

Blig7ﬁtrim; Xa Q7 I= 0)

‘C(ﬁg.iga ﬁ;rim
ﬁlig? Btrim; X7 Q7 I = 0)

set of all trimming-related model parameters:
motif motif AT AT GC GC  otrimMH
|4 s MJ PV T MV M T ﬁ

set of all ligation-related model parameters: S
trimming-related weight function (2)
ligation-related weight function (3)

two-step conditional logit model (17)

model-derived trimming and ligation annotation probability (18)

expected log-likelihood for single sequence (19)

log-likelihood for observed sequences (20)

12



TRAJ37*02 TRAJ42*01 TRAJA5*01 TRAJ48*01 TRAJ49*01 TRAJ53*01

—

10 §

<

=
5 =

i

3
0 =
15

—

10 §

<

=
5 £

i

3
0 N
15

—

10 z Average number
= < of MH nucleotides
S B & 3
c 5 {

g 1 |
20 s =
I 2
E 15
=
D 10 =1
o z 1
o S
= 5 ©
3
-

0 . 0

15

4

10 3

<
-

5 N
| 3
o
=

0

15
10 =/
2
<
5 R
o
=3

0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
V-gene trimming length

Figure S2: The distribution of complementary sequence regions capable of forming microhomologous regions
during V(D)J recombination varies by trimming amounts and V-J gene pairs. Depending on the gene pair,
there is potential for both interior and terminal microhomology (MH). For instance, the TRAV13-1*01
and TRAJ48*01 gene pair shows potential for terminal microhomology (e.g. the average number of MH
nucleotides for the untrimmed sequences—both genes trimmed at the -2 site—is nonzero), as well as interior
microhomology. In contrast, the TRAV13-1*01 and TRAJ37*02 gene pair lacks terminal microhomology
potential (e.g. the average number of MH nucleotides for the untrimmed sequences is zero) but has an
abundance of interior microhomology. The average microhomology counts are calculated across all possible
ligation configurations for each gene pair trimming configuration. Only the most frequently used gene pairs
are plotted here.
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Figure S3: Complementary sequence regions capable of forming microhomologous regions during V(D)J
recombination are common between germline V- and J-genes in the TRA locus. As the average number of
microhomologous nucleotides increases for a given gene pair trimming configuration, so does the average
number of possible ligation configurations. The median average number of microhomologous nucleotides
across all possible gene pair trimming configurations is 0.1978, corresponding to a median of 1.3149 possible
ligation configurations. Since a median of exactly one ligation configuration would indicate that all configura-
tions involve zero microhomology, this suggests that most trimming configurations result in multiple ligation
outcomes—both with and without microhomology. The average values are calculated across all trimming
configurations for each gene pair, with each gene pair plotted only once.
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Figure S4: The distribution of trimming configurations with multiple ligation options (e.g. varying amounts
of microhomology in the observed sequence) varies across V-J gene pairs. All gene pair trimming configura-
tions can ligate with zero nucleotides of microhomology (indicated by gray dots in the plot), providing at
least one ligation configuration choice. Depending on the gene pair, there may be potential for both interior-
and terminal-microhomology-mediated trimming and ligation (e.g. ligation using nonzero microhomology),
which would increase the number of possible ligation configuration choices. For example, the TRAV13-1*01
and TRAJ48*01 gene pair shows potential for terminal-microhomology-mediated ligation (e.g. ligating the
untrimmed sequences—both genes trimmed at the -2 site—using nonzero microhomology), as well as interior-
microhomology-mediated ligation. In contrast, the TRAV13-1*01 and TRAJ37*02 gene pair lacks potential
for terminal-microhomology-mediated ligation (e.g. the untrimmed sequences can only be ligated using zero
microhomology) but has substantial potential for interior-microhomology-mediated ligation. Only the most
frequently used gene pairs are plotted here.
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Figure S5: Parameters inferred from simulated data emulating varying levels of microhomology involvement
in V(D)J recombination trimming and ligation (see Supplementary Materials). The model was trained us-
ing four different simulated datasets. (A) Parameters inferred from data where microhomology does not
influence trimming or ligation choices. In this scenario, the microhomology-related parameters show no sig-
nal. (B) Parameters inferred from data where microhomology increases ligation probabilities but does not
affect trimming probabilities. Here, the trimming-related microhomology parameter shows no signal, while
the ligation-related parameter shows a strong positive signal. (C) Parameters inferred from data where
microhomology increases trimming probabilities but does not affect ligation probabilities. In this case, the
ligation-related microhomology parameter shows no signal, while the trimming-related parameter shows a
strong positive signal. (D) Parameters inferred fromglata where microhomology increases both trimming
and ligation probabilities. As expected, both microhomology-related parameters exhibit strong positive sig-
nals. The patterns observed in this simulated dataset closely matches those inferred from actual data. All

trimming motif and two-side base count parameters remain consistent across all simulated datasets.
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Figure S6: Parameters inferred from a model trained on sequences with N-insertions, which lack germline-
dependent ligation. Due to the unknown composition of inserted nucleotides prior to ligation, ligation patterns
cannot be detected, allowing this model to specifically explore trimming probabilities independent of ligation
(see Supplementary Materials). The ligation-related microhomology parameter was excluded from this model.
Inferred trimming motif and two-side base count parameters align with previous analyses of individual V- and
J-gene sequences [9]. The inferred trimming-related microhomology parameter indicates that microhomology
has only a minimal effect on trimming probabilities, suggesting a limited independent role of microhomology

in trimming.
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Figure S7: As the number of microhomologous nucleotides in a trimming and ligation configuration increases,
the difference in joint trimming and ligation probabilities between the model parameterizing microhomology
(MH model) and the one that does not (no-MH model) becomes larger. Both models include trimming
motif and base-count parameters and are identical except for the inclusion of microhomology terms. The
plotted differences are calculated using probabilities normalized across all possible trimming and ligation
configurations for each V-J gene pair, ensuring the sum of these differences is zero.

18



A //( V-J gene pair, S ]\

=_ choice of
Ty Ty=0 Ty=12 fr=i Ty=14  imming
Ty=-2 = Ty=14 = JI] Ty=14  scenario

choice of
ligation
scenario
| : example
—— choice of ligation

AGAGAT GGC same trlmmlng AGAG GGC ;

TCT  TIATACCG  scenario TCT TATACCG scenarto
il different |Ig|atIOI:1 scenarios il

AGAGATATATGGC  Jifferent GAGATTAGGC

TCTCTATATACCG se}quen_ces CTC ATCCG

...........................

Figure S8: Version of Figure 5 specifying variable notation. (A) Schematic of trimming and ligation choices
for an arbitrary V-J gene pair, denoted as an ordered pair S = (Sy,Sy), where Sy and S; are random
variables representing V- and J-genes, respectively. The first choice is the trimming configuration, represented
as the ordered pair ' = (T, T;) where Ty and T’y are random variables denoting the microhomology-adapted
trimming amounts for the V- and J-genes (e.g. each gene can be trimmed by -2 to 14 nucleotides). The next
choice is the ligation configuration, represented by the random variable M, which captures the number of
microhomologous nucleotides used. The available ligation configuration choices will depend on the germline
sequences of the two genes being joined. Trimming and ligation configurations resulting in productive and
nonproductive sequences are shown in solid and dashed boxes, respectively. (B) Illustration of the possible
ligation configurations for an example pair of trimmed sequences. The chosen ligation configuration affects
the resulting observed sequence. The trimmed V-gene sequence is shown in purple, the trimmed J-gene
sequence is shown in green, and microhomologous nucleotides are shown in yellow. Deletions are indexed
such that a deletion of 0 corresponds to the end of the germline gene sequence (two P-nucleotides trimmed)
and -2 corresponds to the end of the full sequence (no P-nucleotides or gene sequence nucleotides trimmed).

V-gene : trimmed J

CTCTGA

J -gene : trimmed V

Figure S9: Cartoon showing the alignment of V-gene (purple) and J-gene (green) sequences at their inferred
trimming sites (marked with scissors) without gaps. Trimmed regions of each sequence are shown in orange.
We focus on two regions: (1) overlap between V-gene and trimmed J-gene (V-gene:trimmed-J) and (2)
overlap between J-gene and trimmed V-gene (J-gene:trimmed-V'). The function h in (1) counts contiguous,
complementary nucleotides from the aligned trimming site (indexed as zero). Arrows show the counting
direction for each region. Contiguous, complementary nucleotides are counted only if adjacent to the trimming
site. In this example, V-gene:trimmed-J has 0 contiguous complementary nucleotides, and J-gene:trimmed-V
has 2.
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Figure S10: (A) Diagram illustrating V(D)J recombination steps, emphasizing possible internal /intermediate
microhomology during trimming. This intermediate microhomology may occur in both single-stranded over-
hangs and double-stranded regions due to sequence breathing. The final joined sequence, post-N-insertion
(pink), is shown in the last box. (B) Definition of overlapping sequence regions for specified V-gene, J-gene,
and trimming configuration. The top strand of a V-gene and the bottom strand of a J-gene are each shown
with one nucleotide removed (trimmed nucleotides in orange). Overlapping regions (highlighted in gray) are
obtained by aligning the sequences such that an integer value, a, of nucleotides 5’ of each trimming site
overlap. The value of a ranges from 1 to 4 nucleotides. Despite what is shown in this example, two genes
can be trimmed by different amounts and still yield these overlapping regions. Complementary nucleotides
in these regions are indicated by vertical yellow lines. The final joined sequence post-trimming and insertion
is shown in the last box of panel (A).
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Table S2: Summary of all parameters and parameter-specific weights for an arbitrary gene pair S = (Sy, Sy)
and trimming configuration R = (Ry, R ;). Detailed definitions of each parameter and corresponding weights
are located within the Supplementary Materials.

Parameter Description Notation Parameter weight
V-gene motif | parameterizes the importance of several motit faotit (Ry, Sy; B1%) (5)
parameters nucleotides on either side of the V-gene

trimming site
J-gene motif | parameterizes the importance of several f‘}“if faotie (R, Sy; B (5)

parameters

nucleotides on either side of the J-gene
trimming site

V-gene base-
count-beyond
parameters

parameterizes the importance of the
counts of GC and AT nucleotides
beyond the V-gene trimming motif

¥ and B

fcount(RVvsV; ‘%/"ra (‘;/(':) (10)

J-gene base-
count-beyond

parameterizes the importance of the
counts of GC and AT nucleotides

f‘,T and B?,C

fcount(RJvSJ; {XITMB?‘]C) (10)

parameters beyond the J-gene trimming motif
inter-mediate | parameterizes the importance of the piH fum(Rv, Ry, Sy, Sy; BM) (29)
microhomol- average number of non-contiguous
ogy intermediate microhomology between a
parameters gene pair given a trimming
configuration
trimming- parameterizes the importance of the prrinti Jerimm (T, S; BE=1mME) (11)
related average number of contiguous
observed mi- microhomology across all possible
crohomology ligation configurations for a given
parameters trimming configuration and gene pair
ligation- parameterizes the importance of the prigt Jrigm (M; pHEM) (12)
related number of contiguous microhomologous
observed mi- nucleotides for a given ligation
crohomology configuration, trimming configuration,
parameters and gene pair
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