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Abstract

Diminished signaling via insulin/insulin-like growth factor-1 (IGF-1) axis is associated with
longevity in different model organisms. IGF-1 gene is highly conserved across species, with only
fewewolutionary changes identifiedinit. Despite its potential role inregulating lifespan, no coding
variants in IGF-1 have been reported in human longevity cohorts to date. This study investigated
the whole exome sequencing data from 2,487 individuals in a cohort of Ashkenazi Jewish
centenarians, their offspring, and controls without familial longevity to identify functional IGF-1
coding variants. We identified two likely functional coding variants IGF-1:p.lle91Leu and IGF-
1:p.Alal18Thr in our longevity cohort. Notably, a centenarian specific novel variant IGF-
1:p.lle91Leuwas locatedat the binding interface of IGF-1 — IGF-1R, whereas IGF-1:p.Alal18Thr
was significantly associated with lower circulating levels of IGF-1. We performed extended all-
atom molecular dynamics simulations to evaluate the impact of Ile91Leu on stability, binding
dynamics and energetics of IGF-1 bound to IGF-1R. The IGF-1:p.lle91Leu formed less stable
interactions with IGF-1R's critical binding pocket residues and demonstrated lower binding
affinity at the extracellular binding site compared to wild-type IGF-1. Our findings suggest that
IGF-1:p.lle91Leuand IGF-1:p.Alal18Thr variants attenuate IGF-1R activity by impairing IGF-1
binding and diminishing the circulatory levels of IGF-1, respectively. Consequently, diminished
IGF-1 signaling resulting from these variants may contribute to exceptional longevity in humans.
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Introduction

Diminishedsignaling via insulin/insulin-like growth factor 1 (IGF-1) axis has beenassociatedwith
increasedlifespaninvarious model organismsi-4. However, the role of insulin/IGF-1 axis in human
aging has not been confirmed. Previously, two rare heterozygous coding variants in IGF-1R, a
gene that encodes the IGF-1 receptor (IGF1-R), were found to be enriched among Ashkenazi
Jewish individuals with exceptional longevity and were demonstrated to result in diminished
activity of the IGF-1R%. Howewer, IGF-1 is a highly conserved gene and the few missense
mutations identified in IGF-1 to date have beenassociated with growth failure and developmental
abnormalities®-8. To our knowledge, no coding variants in the IGF-1 have been associated with
longevity in humans.

IGF-1 mediated downstream signaling is dependent on stable binding of IGF-1 with its receptor
IGF-1R. Studies have shown that coding variants located at the interface of IGF-1 - IGF-1R
attenuated the binding activity of IGF-1°1°, The IGF-1R is a functional dimer. Each protomer of
IGF-1R includes the L1 (leucine-richrepeat domain 1), CR (cysteine-rich domain), L2 (leucine-
rich repeat domain 2), Fnlll-1, -2, -3 (fibronectin type 11l domains), transmembrane (TM), a ~30
amino acid juxtamembrane region, and kinase domains. Two of these protomersare connected by
numerous disulfide bonds, creating a stable, covalent dimer!!. For clarity, the domains in
protomers 1 and 2 are indicated as L1 — Fnlll-3, and L1’ — Fnlll-3" (indicated by prime),
respectively, throughout the manuscript. Ligand binding to the extracellular domains (ECDs) of
IGF-1R triggers receptor kinase activation that results in the phosphorylation of numerous
substrates and the initiation of distinct signaling pathways'2. Members of the insulin receptor (IR)
family stand out among receptor tyrosine kinases (RTKs) by forming dimers composed of aof
subunits. Each aff dimer possesses two ligand-binding sites. Each site comprises two distinct
partial sites referredto as site 1 and site 2. Site 1 is formed by residues on L1 from one subunit
and residues on the aCT helix of the other subunit (in model organisms) or aCT helix of the same
subunit (in human), while site 2 consists of residues on Fnl’ and Fn2'13-18, In addition to the well-
characterized primary IGF-1-binding site!17-1% that comprises the L1 domain and o-CT, a
secondary sub-site has recently been observed in the active IGF-1R dimer!!l. However, there is
limited understanding regarding the stability and significance of polar and hydrophobic contacts
established between wild-type and mutant IGF-1 and IGF-1R. Furthermore, regulation of IGF-1
signaling involves alternative splicing that results in different IGF-1 precursors which vary in the
structure of their carboxy-terminal extension peptides (E-peptides) and the length of their amino-
terminal signal peptides?°. Different splicing variants and synonymous variants have been shown
to alter the expression, function, and processing of mature IGF-121-23,

Multiple three-dimensional atomic-level structures of IGF-1 bound to IGF-1R hawve been
successfully elucidated!! 171924, These resolved structures offer profound insights into
macromolecular structure and intermolecular interactions. Yet, molecular recognition and binding
involve dynamic processes. Molecular dynamic (MD) simulations often serve as a complement to
conventional structural studies, allowing for the examination of these processes at atomic-
level?526, These simulations offer insights into the stability of macromolecular complexes, the
flexibility of interacting subunits, and the interactions among residues at the binding interface.
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76  In this study, we investigated the impact of longevity-associated IGF-1 coding variants identified
77  inindividuals with exceptional longevity. We associated IGF-1 variants with serum IGF-1 lewels
78  and determinedthe effect of interfacial variant IGF-1:p.lle91Leu on stability, binding dynamics,
79  and energeticsof IGF-1 boundto IGF-1R by performing extended MD simulations. The main aim
80 of this study was to uncover both commonalities and disparities in the dynamic interactions
81  between wild-type and longevity-associated mutant IGF-1, as well as pinpoint residues that may
82  play apivotal role in maintaining the integrity of this interface in the presence of studied variants.

83
84  Results
85 Identification of functional variantsin IGF-1gene

86  We studied the whole exome sequencing data from 2,487 individuals in a cohort of Ashkenazi
87  Jewish centenarians, offspring of centenarians, and offspring of parents without familial longevity
88  to identify all coding variants in the IGF-1 gene. The characteristics of the longevity cohort are
89  summarized in Supplementary Table S1. Only two coding variants were identified in our cohort
90 and both had minor allele frequency (MAF) < 0.01 (Figure 1A). The functional nature of the
91  coding variants was defined using combined annotation dependent depletion (CADD) score?.
92 Variants with CADD score >20 were considered functional. Both identified variants had CADD
93  scores>20and were presentina heterozygous state. A novel variant IGF-1:p.lle91Leuwas found
94  intwo female centenarians, whereas the IGF-1:p.Alal18Thr variant was found intwo centenarians
95 as well as in four offspring and three control individuals. The latter variant was classified by
96 ClinVar as a variant of unknown significance (VUS) that was previously noted in probands with
97  growth delay due to IGF-1 deficiency. IGF-1 gene is conserved among mammals?8. IGF-1 protein
98  sequences of differentmammals obtained from UniProt and ClustalW?2° was employed for multiple
99  sequence alignment (MSA) to assess the conservation of 11e91 and Alal18 residues. Both 1191
100 and Alall8 are highly conserved (Supplementary Figure S1). Thus, substitutions at these
101 positions could potentially have detrimental effects onthe protein's structure and function. In our
102 cohort, carriers of IGF-1:p.lle91Leu variants had insignificantly lower maximal reported height
103  compared to non-carriers, adjusted for sex, (158.7 + 1.8 ¢cm vs. 163.4 + 9.0 cm, respectively,
104  p=0.36), while the maximal reported height was comparable between IGF-1:p.Alal18Thr carriers
105  and non-carriers(166.1+7.1cmvs. 166.7 £9.9cm, respectively, p=0.84). The serum IGF-1 lewels
106  of IGF-1:p.lle91Leu carriers were not measured. Interestingly, the carriers of IGF-1:p.Alal18Thr
107  had significantly lower levels of IGF-1 compared to non-carriers (Figure 1B).
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109  Figurel. A) The structure of IGF-1 gene. Our longevity cohort carries two missense variants in
110  exon4.Brown, light cyan and blue colors represent the signal peptide (SP), E peptide and protein-
111 coding regions, respectively. A118T variant is located at the boundary of Exon 4 and the N-
112 terminal sequence of the E-peptides, which is a cleavage site for the release of mature IGF-1. B)

113 Association of IGF-1:p.Alal18Thr with serum IGF-1 levels. Results are plotted as mean + SD. The
114  statistical model was adjusted with baseline age and sex. * * p<0.01.

115 Impact of mutants on IGF-1 - IGF-1R bound structure

116  In order to ascertain the role of missense variants in perturbing the IGF-1 - IGF-1R architecture
117 and the binding of IGF-1 to IGF-1R, we investigated the impact of IGF-1 gene variants on IGF-
118 1R structure and function. IGF-1:p.lle91Leu variant was located at the binding interface of IGF-1
119 —IGF-1R (Figures2A-2C). At the static structure level, neither isoleucine nor leucine established
120  contacts with the adjacent residues of IGF-1R lle91Leu was tracked during MD simulations to
121 obserwe its binding potential with neighboring residues of IGF-1R and IGF-1. In the wild-type
122 runs, 11e91 formed more sustained interaction with the critical binding pocket residue Phe731of
123 IGF-1R when compared to mutant runs (Leu91). In contrast, Leu91 exhibited consistent
124  interactions with Glu94 and Cys95 of IGF-1, unlike the wild-type 1le91 (Figures 2B-2D). This
125  suggestedthat Leu91 variant was more engaged in forming interactions with neighboring residues
126  of IGF-1 and was less readily available for forming interaction with IGF-1R compared to wild-
127  type lle91 residue. IGF-1:p.Alal18Thr, on the other hand, was found at the C-terminal end of the
128  IGF-1 molecule, aregionthatis not involved in IGF-1R binding. As expected, Alal18Thr did not
129  establish contact with residues of IGF-1R (Figures 2E and 2F).

130
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132 Figure 2. Three-dimensional structure of human IGF-1R bound to IGF-1. The red-boxed regions
133 in(A) are magnified inthe successive images (B, C, D and E). The IGF-1R dimer is depicted with
134  two chains, displayed in gray and light pink, while IGF-1 is illustrated with a blue cartoon. A)
135  Structure of IGF-1R bound with IGF-1; B) Wild-type 11e91; C) Mutant Leu91; D) The percentage
136  of simulation time during which 1le91Leu maintained contacts with neighboring residues of IGF-
137 1R and IGF-1.E) Wild-type Alal18; F) Mutant Thr118. Hydrogen bonds are represented with
138 yellowdotted lines.

139  MD simulations of wild-type and mutant IGF-1 - IGF-1R complexes

140  Given that the IGF-1.1le91Leuvariant was located at the binding interface of IGF-1 and IGF-1R,
141  we conducted extended MD simulations to gain mechanistic insights into how this variant may
142 affect the binding architecture of IGF-1 with IGF-1R. IGF-1:p.Alal18Thr was excluded from MD
143 simulation because it was situated at the boundary of the mature IGF-1 molecule and was not
144  demonstrated to be important for IGF-1R binding. MD simulations of wild-type and IGF-
145  1.lle91Leu (referred to as mutant IGF-1 here onwards) complexes of IGF-1 — IGF-1R were
146  performedintriplicates, each of 500 ns duration, to avoid bias in results often caused by a single
147  simulationrun. Runs of the wild-type and mutant simulations were extended to 500 ns to ensure
148  that simulations remained stable and the interactions were faithfully retained for longer duration.
149  The root mean square deviation (RMSD) results from the three runs per simulated system were
150  aweraged, and the mean evolution for each system, along with the standard deviations, are shown
151 in Figure 3. The individual contributions of the different runs for each system are provided in
152 Supplementary Figure S2. The owverall structural integrity of all simulations of wild-type and
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153  mutant complexes remained stable with a Coo RMSD from the initial structure that was less than
154 11 A (Figure 3A). Both wild-type and mutant complexes reached equilibrium after a few
155  nanoseconds of simulation and remained stable throughout the course of simulations. IGF-1R is a
156  dimeric macromolecule and is expected to produce slightly higher RMSD than monomeric
157  structures. Nevertheless, all the runs eventually reached convergence by the end of the simulatiors.
158  Simulations of dimeric proteins as well as mutated proteins have shown similarly elevated RMSD
159  values3%31, The secondary structure composition and compactness of the IGF-1R and IGF-1
160  protein structures, as represented by the radius of gyration, remained preserved throughout the
161  simulations (Supplementary Table S2 and Table S3).
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162  Figure 3. Root mean square deviation (RMSD) and root mean square fluctuation (RMSF) of
163  protein Ca atoms with respectto the initial structure obtained fromthree independent runs. Results
164  fromthree simulation runs of each system are plotted as mean = SD. A) RMSD of wild-type and
165  mutant IGF-1— IGF-1R complexes; B) RMSF of Ca atoms of IGF-1R proteinin the wild-type and
166  mutant IGF-1 — IGF-1R complexes; C) RMSF of Ca atoms of IGF-1 protein in the wild-type and
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167  mutant IGF-1 — IGF-1R complexes. Loop and helical regions of each protomer of IGF-1R and
168  IGF-1 binding regions that make contact with IGF-1R are identified with black bars.

169  Comparisonofregional fluctuationsinthe wild-type and mutant IGF-1-IGF-1R complexes

170  To observe and compare backbone stability and fluctuations of the two complexes, root mean
171 square fluctuation (RMSF) of backbone Ca atoms were measured and plotted (Figure 3B and
172 Supplementary Figures S3Aand S3B).IGF-1’s primary binding site is composedofL1 residues
173 Glu294,Glu333 and Ly336,and a-CT residues 727-741 of IGF-1R. The CR domain residues 276-
174 328, residues 739-779 and 836-895 comprised of loop and helical regions of each protomer
175  fluctuated more compared to the rest of the protein structure, while residues 329-734 of both
176  protomers exhibited limited fluctuations (Figure 3B). However, the mutant exhibited more
177  fluctuationinthese regionswhen compared to wild-type (Figure 3B). Importantly, regionsaround
178  the binding site residues also fluctuated more in the mutant (Supplementary Figure S4).

179  The fluctuations of IGF-1 when bound to IGF-1R dimer structures were evaluated by assessing
180 the RMSF of backbone Ca atoms of IGF-1. Owerall, the IGF-1 backbone exhibited higher
181  fluctuations inthe mutant complex system, when compared to wild-type systems (Figure 3C). Of
182  all the IGF-1 residues, the loop regions spanning residues 54-57 and 76-79 were identified as very
183  flexible, displaying elevated fluctuations across all systems (Figure 3C). Interestingly, residues at
184  the interfacial region of IGF-1 (81-99 and 104-109) showed less fluctuation in wild-type as
185  comparedto mutant (Figure3C). Additionally, IGF-1 residues Phe73,Pro87,11e91,Val92, Asp93,
186  Glu94 and Cys96, which are known to interactwith IGF-1R, exhibited reduced fluctuationin wild-
187  type (SupplementaryFigure S5). The more fluctuations observedin mutant IGF-1 suggested that
188  IGF-1:p.lle91Leu likely altered the binding of IGF-1 to IGF-1R compared to the wild-type.

189  Interfacial residue contactduration differs substantially between wild-type IGF-1 - IGF-1R
190 and mutant IGF-1 - IGF-1R complexes

191  During the simulations, several intermolecular contacts such as hydrophobic interactions,
192  hydrogen bonds, salt bridges, n—= and cation—r interactions were observed to form, break, and
193  reform. There were some interactions that lasted longer than others. The residues of wild-type and
194  mutant IGF-1 that exhibited consistent interactions with IGF-1R are shown in Figure 4. The
195  contact duration of intermolecular interactions between wild-type or mutant IGF-1 and IGF-1R
196 interfaces, as well as the dynamics of each interaction throughout the duration of the simulation
197  trajectories, are demonstrated in Supplementary Table S4.

198  In the wild-type simulation runs, IGF-1 residues Pro87 and Val92 formed consistent interactions
199  with a-CT Asn728, while Lys75 and Tyr79 formedweak intermittent interactions with Glu289
200 and Phe296 residues of IGF-1R. Other essential a-CT residues, Val732 and Arg734, also formed
201  more sustained interaction with wild-type IGF-1 Tyr108 and Glu94, respectively, compared to
202 mutant IGF-1 (Figure 4B). Additionally, IGF-1 residues Pro87 and GIn88 have been shown
203  previously to form interactions with Phe725 and Ser72918. We, however, observed a stable
204  interactionbetween Pro87 and Asn728 in wild-type only. Moreover, our findings differed from
205  previous reports inthat we did not observe GIn88 binding with Phe725 and Ser729 of the IGF-1R.
206 Instead, GIn88 on IGF-1 consistentlyinteractedwith Thr340 in the wild-type, but not in the mutant.
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207 In the wild-type IGF-1, Phe73 side chains underwent a rotameric rearrangement and were found
208  buried in a hydrophobic pockets formed by Arg40, Leu63 and Phe731. Such a rearrangement
209 helped Phe73 to form consistent interactions with Arg40. Interestingly, this interaction was
210  observed to be weaker in the mutant compared to the wild-type (Figure 4B). Notably, Phe71,
211 Tyr72 and Phe73 have been shown to be important for IGF-1R binding®? and the rotameric
212 rearrangement of Phe71 and Phe73 upon binding of IGF-1 to IGF-1R has previously been
213 reported!®. Furthermore, Asp93 of IGF-1 has been shown to exist near a-CT Asn724 as indicated
214  in a cryo-EM structural study?!. However, we have not observed this interaction in any of our
215 simulation runs. Instead, Asp93 formed the more stable salt bridge and hydrogen bond with
216  Lys336 and Arg518 in the wild-type compared to the mutant. Although, IGF-1 Val92 has been
217 reportedto make contacts with a-CT Asn724 and Asn728, our studies showed that Val92 formed
218  astable hydrogen bond with Asn728 in the wild-type IGF-1 as compared to mutant (Figure4). A
219  mutagenesis study has illustrated the importance of Val92 in binding of IGF-1 to IGF-1R33,
220  Additionally, Glu94 exhibited a stable interactionwith IGF-1R residue Arg734 in the wild-type
221 IGF-1 compared to mutant. A mutagenesis study has shown the essential role of Arg734 in the
222 binding of IGF-1 with IGF-1R34.

223 IGF-1 C-terminal residues are known to be critical in maintaining optimal binding to IGF-1R. A
224  replacement of C-terminal region with additional glycine residues have resulted in 30-fold
225  decrease in IGF-1 affinity for IGF-1R%. Here, IGF-1 C-terminal residues Ser99 and Tyr108
226  formed more consistent interactions with Asn747 and Val732 of IGF-1R in the wild-type
227  comparedto the mutant (Figure 4B).

228 A small secondary binding site for IGF-1 within the active IGF-1R dimer has recently been
229  reported!!. It is mainly composed of loop regions of the Fnlll-1’ domain. Residues 513-518 and
230  Lys560 of Fnlll-1" form this secondary binding subsite. The IGF-1R residue Tyr517 formed
231 interactionwith Cys96 and Arg518 with Asp93 and Phe97. These interactions were noted to be
232 more stable in wild-type runs (Figure 4B and Supplementary Table S4). Interestingly, Lys560
233  formeda much more stable salt bridge with IGF-1 residue Glu57 in the mutant runs compared to
234  wild-type (Figure4B). Aprevious mutagenesis study reportedthat residues in asubsite (513-518),
235  particularly Tyr517 and Arg518, were important for IGF-1 optimal binding, whereas residues
236 around Lys560 had no effect on IGF-1 dependent IGF-1R activation'!. However, the precise role
237  of Lys560 has not been established yet.

238 Interestingly, mutant variant IGF-1:p.lle91Leu is located at the binding interface of IGF-1.
239  Structural studies have indicated that 11e91 residue makes contact with His727, Asn728 and
240 Phe731. The wild-type IGF-1 protein formed relatively more sustained interactions with Phe731,
241  compared to mutant IGF-1 (Figure 4B). It is perceivable that this interaction helped nearby
242 residues of IGF-1, particularly Val92, Asp93 and Glu94 to form stable interactions with IGF-1R
243 interfacial residues (Figure4).

244
245

246
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247  Figure4. A) Enlarged view of the binding interface of IGF-1R (grey and pink) bound to IGF-1
248 (blue); B) The percentage of simulation time during which intermolecular contacts were retained
249  between IGF-1R and IGF-1 interacting residues. Results fromthree simulationruns of each system
250  are plottedas mean = SEM.

251 Wild-type IGF-1bound more stably to IGF-1R

252 An analysis of intermolecular interactions demonstrated that IGF-1R complexes formed a greater
253  number of interactions with the wild-type IGF-1 compared to the mutant IGF-1 (Figure 4 and
254  Supplementary Table S4). This finding suggested that compared to the mutant IGF-1, the wild-
255  type IGF-1 may have greater affinity for the IGF-1R. To examine the energetic contributions, the
256  freeenergy of binding (AGuing) Was compared between mutant and wild-type IGF-1 bound to IGF-
257 1R, calculated using the molecular mechanics-generalized Born surface area (MM-GBSA)
258  approach based on frames extracted every 2.5 ns from all MD simulations. All wild-type
259  simulations demonstrated substantially higher AGuing Values than the mutant runs (Table 1). A
260  higher free energy of binding indicated a stronger binding affinity. Hydrophobic contributions to
261  AGning Were also lower for mutant simulations compared to wild-type. The complete count of
262 intermolecular hydrogen bonds between the two complexes was also tracked during the
263  simulations. The wild-type complexes exhibited a greater number of hydrogen bonds (mean £ SD
264  forthree simulations: 23.88 +3.50, 25.85 +3.65, 21.88 £ 4.02) compared to the mutant (20.65 +
265 4.01,24.06 £4.46,18.64 £3.28) inall simulationruns (Supplementary Figure S6). This would
266  also be expectedto enhance the binding affinity between wild-type IGF-1 and IGF-1R.

267 It has long been known that two identical binding sites exist on the IGF-1R dimer in apo state,
268 indicating that IGF-1 can bind with similar probability to either one of the two sites!17. Upon
269  IGF-1 binding to either site onthe IGF-1R dimer, IGF-1R undergoes structural rearrangement and
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270 subsequently the L1 domain, a-CT (ligand bound), and the bound IGF-1 ascend towards the upper
271 sectionof the IGF-1R dimer and is obligatory for the binding of a second IGF-1 molecule!!. This
272 s the known phenomenon of negative cooperativity. Based on this, we hypothesized that mutant
273 IGF-1R bound to one IGF-1 may alter the binding of a second IGF-1 molecule. To test this, the
274 last frame of each simulation run was extracted and a second IGF-1 molecule was docked into the
275  second binding site of the IGF-1R. Both the wild-type and the mutant IGF-1 bound complexes
276 exhibited very weak binding of the second IGF-1 to the IGF-1R, as evidenced by their respectiwe
277  binding affinity scores (Table 1). This suggested that mutant IGF-1 did not alter the negative
278  cooperativity of IGF-1R.

279  Table 1. MM-GBSA based free energy of binding of IGF-1 at site 1 and site 2 of IGF-1R.

Run Site 1 Site 2

Wild-type (Mean £ SD) Mutant (Mean+ SD) Wild-type (Mean £ SD) Mutant (Mean+ SD)

1 -266.39 + 35.52 -212.66 + 46.48 -12.85+6.16 -18.55+21.14
2 -258.52 +26.72 -234.54 +31.94 -5.90+ 0.84 -7.3+1.41
3 -231.77 +20.47 -223.76 +22.81 -7.65+0.49 -1.41+1.27

280
281  Mutant alters IGF-1R inter-protomer interactions

282  We also inwestigated the impact of mutant IGF-1 on dynamics of IGF-1R inter-protomer
283  interactions. The inter-protomer interactions are shown in Figure5 and Supplementary Table
284  S5. Specific residues within L1-Fnlll-2" have been demonstrated to be crucial for IGF-1R
285  dimerization!®. In both wild-type and mutant simulations, Glu177 and Glul88 residues of L1
286  formed similar interactions with Arg671 and Lys665 of Fnlll-2’, respectively (Figure 5A and
287  Supplementary Figure S7). A network of inter-protomer interactions showed similar binding
288  stability throughout the simulation runs of IGF-1R bound with the wild-type and the mutant IGF-
289 1. For instance, in all simulation runs, chain A residues Asp553, Lys720, Asn724, and Arg755
290  showed similar interactions stability with chain B residues Arg365, Tyr517, Arg518, and Glu563,
291  respectively (Figure 5 and Supplementary Table S5). Howewer, A:Lys389-B:GIlu590,
292 A'Arg391-B:Glus90, A:Arg480-B:Aspd24, A:Asp616-B:Arg739, A:Lys688-B:Glu7ls,
293  A:Glu690-B:Arg753, A:Glu706-B:Asp542and A:Lys709 — B: Asp553 inter-protomer interactions
294  varied substantially between wild-type and mutant runs (Figure5). Owerall, compared to the
295  mutant, the wild-type simulations resulted in the formation of slightly more stable interactions
296  between two chains of the IGF-1R. This indicated that mutant IGF-1 caused a subtle
297  conformational change in the IGF-1R. This subtle rearrangement of IGF-1R protomers likely
298  changed the configuration of IGF-1 binding pocket and weakened the binding of the mutant IGF-
299  1to IGF-1R.

300
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301  Figure5.Bindinginterface of chain Aand Chain B of IGF-1R. A) Enlarged binding pose showing
302  the residues that interact in the interface; B) The percentage of simulation time during which
303 intermolecular contacts were retained between chain A and chain B interacting residues of IGF-
304 1Rdimer.Resultsfromthree simulationruns of eachsystemare plotted as mean+ SEM. Hydrogen
305  bonds and salt bridges are represented by yellow and pink dotted lines, respectively.

306  Discussion

307  This study provided insights into two IGF-1 gene coding variants discovered in individuals with
308 exceptional longevity. We described the structural and functional impact of IGF-1:p.lle91Leu by
309 characterizing the stability of interactions that define the IGF-1R — IGF-1 interface. Utilization of
310 extended MD simulations demonstrated that compared to the wild-type IGF-1, the IGF-
311 1:p.lle91Leu variant resulted in weaker interactions between IGF-1 and its receptor, likely
312  attenuating IGF-1R activation. Additionally, we identifiedthe IGF-1:p.Alal18Thr variant, which
313 was significantly associated with lower levels of IGF-1 in our longevity cohort. The latter variant
314  may resultinlower circulating IGF-1 level due toitslocationnear an IGF-1 gene E-peptide region,
315  which is typicallyremoved during the post-translational processing of the IGF-1 precursor protein.
316  Owerall, our results suggest that compared to wild-type IGF-1, the activation of IGF-1R and
317  subsequent downstream signaling mediated by mutant IGF-1s would be expected to produce
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318  attenuated effects. Given the previously identified role of reduced insulin/IGF-1 signaling in
319  models of longevity, our findings provide additional evidence for the potential role of these gene
320 variants and reduced IGF-1 signaling in human longevity.

321 Previous longevity-focused GWAS studies have not identified signals in IGF-1 gene, despite the
322 conserved roles of insulin/IGF-1 system in longevity. This is not entirely surprising since
323 inwestigations of common genetic variants that occur at frequencies of >5% in the general
324  population, to study the uncommon event of exceptional longevity that generally occurs at a rate
325 of<1%inthe population, are likely to miss the rare longevity-associated genotypes?®. Inthis study,
326 we attempted to find all coding variants in the IGF-1 gene in our longevity cohort. Interestingly,
327 we found only two rare coding variants (MAF <0.01), supporting the idea that IGF-1 is highly
328  conservedacross species. Moreover, rare variants association studies to date have generally been
329  underpowered to detect their effects on phenotype3’. One approach to overcome this challenge is
330 to perform GWAS in very large longevity cohorts, which are currently unavailable. Alternatively,
331 one can focus on rare variants that may be more represented among individuals with longevity.
332 Studies have demonstrated the functional impacts of longevity specific rare coding variants at the
333 single gene lewel, in genes suchas IGF-1R5, SIRT63%8, APOC329, as well as others. For instance, a
334  previous study identifiedthe IGF-1R.p.Ala67Thr variant in only two centenarians®. This variant
335  was shown to cause decreased IGF-1R activation, possibly by weakening its binding to IGF-1.
336 Similarly, a recent study found two rare coding variants (rs183444295andrs201141490) in SIRT6
337  among centenarians®®. Interestingly, the SIRT6 variants were found to strongly suppress LINE1
338  retrotransposons, boost DNA double-strand break repair, and more effectively eradicate cancer
339  cells compared to the wild-type. These studies indicate the importance of identifying and
340 establishing the molecular mechanisms of longevity associated rare coding variants.
341  Understanding the mechanisms of rare longevity-associated variants found in individuals with
342 exceptional longevity is of paramount importance in advancing our knowledge of how genes that
343  carry these variants regulate downstream signaling of pro-longevity pathways and could serve as
344  promising gerotherapeutic drug targets.

345  The IGF-1 gene significantly impacts growth and development. A genetic variant locatedin the
346 promotor region of the IGF-1 gene has been shown to be associated with small size in dogs°. In
347 mice,a synonymous mutation in IGF-1 significantly affected both the expressionand biological
348  functions of IGF-141. Short stature and reduced binding affinity of IGF-1 to IGF-1R have also been
349  reported in families with coding variants in the IGF-1 gene®42. However, to the best of our
350  knowledge, IGF-1 coding variants have not been previously identified in humans with longevity.
351 We identified two likely functional coding variants, 1le91Leu and Alal18Thr, in IGF-1 in a
352 heterozygous state that were not associated with adult maximal height, likely because they result
353 in partial reduction of IGF-1 function. Similarly, centenarian specific variants that induced only
354  partial loss of function have been identified in IGF-1R®. Interestingly, we found the IGF-
355  l:p.dle9lleu variant in two centenarians, located at the binding interface of IGF-1R — IGF-1.
356  Although, from a physiochemical perspective the substitution of isoleucine to leucine is not
357  expectedto be functionally significant, this change has previously been shown to alter protein-
358  proteininteractions and enzyme activity in other genes*3-45, Potential functional effects of missense
359  substitutions are illustrated by a prior study, in which the assessment of various IGF-1 analogs
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360 rewealed that [His95]-1GF-1 and [GIn95]-IGF-1 exhibited significantly reduced binding affinities
361 for IGF-1R that resulted in diminished activation of IGF-1R compared to wild-type*¢. A similar
362  pattern was also noted in another study wherein IGF-1 analogs that exhibited weaker binding
363  affinity demonstrated reduced activation of IGF-1R10, This implies that a higher binding affinity
364 of IGF-1 does lead to a more robust activation of IGF-1R. Moreover, a specific conformational
365 change at the cytoplasmic end of IGF-1R upon IGF-1 binding is crucial to generate optimal
366 downstream signaling. In thisstudy, IGF-1:p.lle91Leudemonstratedreduced binding affinity with
367 IGF-1R at the extracellular binding site comparedto wild-type. Consistent with earlier studies, it
368 s likely that this variant will induce a change in the conformation of IGF-1R at the cytoplasmic
369  end, potentiallyreducingits activation. Diminished IGF-1R signaling has consistently beenshown
370 toextend lifespan in multiple model organisms!84748 including humans?, where individuals with
371 exceptional longevity and IGF-1R coding variants exhibited reduced activity of IGF-1R and IGF-
372 linduced AKT phosphorylation®.

373  The epidemiological studies that focused on assessing the association of circulating IGF-1 lewvels
374  with life-span and health-span have shown mixed results*®. Studies in longevity cohorts have
375  reported positive associations between higher IGF-1 with all-cause mortality and age-related
376  diseases®052, Conwersely, other studies, mostly involving younger populations, have indicated the
377 rewerse: elevated IGF-1 lewvels were linked to a decreased risk of disease and mortality®3,
378  Howewer, a recent large-scale study involving nearly 450,000 UK biobank participants showed
379  that older adults with higher IGF-1 levels had greater risk of mortality and age-related diseases,
380 indicating that lower IGF-1 lewvels were beneficial for their survival®®. In our longevity cohort,
381 carriers of IGF-1:p.Alal18Thr had significantly lower levels of IGF-1, compared to non-carriers
382  (Figure 1B). Interestingly, a synonymous variant in exon 4 of the IGF-1 gene has previously been
383  shown to reduce the expression, secretion, stability, and half-life of IGF-1 in mice. In our study,
384 IGF-1:p.Alal18Thr was located at the intersection of Exon 4 and the N-terminal sequence of the
385  E-peptides (pro-peptides) of IGF-1 (Figure 1A). Moreower, this variant falls within a unique
386  pentabasic motif (Lys113-Argl25) where post-translational cleavage of pro-IGF-1 polypeptides
387  generally occurs. This cleavage has been shown to regulate the expression, stability, release and
388  bioavailability of IGF-1205657 Thus, this variant may potentially modify the binding motif
389 involwed inthe cleavage of the carboxyl-terminal E domain from the pro-1GF-, resulting in lower
390 IGF-1 lewel. Lower IGF-1 levels may in turn lead to reduced IGF-1R signaling®°%, which may be
391 beneficial for longevity. This variant may have an allosteric effect on IGF-1binding, potentially
392 reducing its interaction with the IGF-1R. However, the IGF-1:p.Alal18Thr variant dependent
393 effect onthe expression, stability, release, and bioavailability of IGF-1 molecule is also possible.

394 In summary, this study identified two rare functional coding variants IGF-1:p.lle91Leuand IGF-
395  1:p.Alall8Thr which likely impact the IGF-1 induced downstream signaling of IGF-1R. Our
396  findings suggest that IGF-1:p.lle91Leu and IGF-1:p.Alal18Thr variants attenuate IGF-1R
397  activity, potentially via reduced binding of IGF-1 to IGF-1R and by diminishing the circulatory
398 lewelsof IGF-1, respectively. These results provide evidence that the rare IGF-1 variants identified
399  incohorts with exceptional longevity may contribute to extended lifespan via attenuation of IGF-
400 1signaling.
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401  Methods
402  Recruitment of study participants

403  The participants inthis study were Ashkenazi Jews fromtwo well-characterized longevity cohorts,
404  the Longevity Genes Project (LGP) and the LonGenity study, which have been recruited and
405  characterized at the Albert Einstein College of Medicine. The longevity cohorts consisted of
406  individuals with exceptional longevity (centenarians) age >95 years, offspring of individuals with
407  exceptional longevity (offspring), definedas having at least one parent who lived to 95 years or
408  older,and individuals without parental history of exceptional longevity (controls), defined as not
409  having a parent that survived beyond 95 years of age. Both LGP and LonGenity studies were
410 approved by the institutional review board (IRB) of Albert Einstein College of Medicine58%
411 (approval numbers 1998-125 and 2007-272, respectively) and were performed in compliance with
412 the Declaration of Helsinki. Written informed consent was obtained from all subjects. All
413 experimental protocols were approved by IRB of Albert Einstein College of Medicine (approval
414  numbers 1998-125 and 2007-272, respectively).

415  Whole exome sequencing and functional variant identification

416  Whole exome sequencing (WES) of 2,521 subjects was carried out at the Regeneron Genetics
417  Center (RGC). The pipeline adopted for sample preparation and WES has been previously
418  described®l. GRCh38 human genome assembly was used for variant calling. Individuals with low
419  sequencing coverage (less than 80% of bases with coverage > 20x), call rate < 0.9, and discordant
420 sex were excluded. SNPs were remowed if they had the read depth (DP) < 7 (DP < 10 for
421 insertions/deletions (INDEL)), alternative Allele Balance less than a cutoff (< 15% for SNP, <
422 20%for INDEL), and Hardy—Weinbergequilibriumdeviated froman y2-testP <1 x 106, Variants
423 with missing rates < 0.01 in the study cohort were used for further analysis. In this study, we
424  focusedonrare variants with minor allele frequencies <1% in our cohort. The functional nature of
425  the variants was predicted using combined annotation dependent depletion (CADD) score?’. It is
426 a widely used method to predict the variant’s deleteriousness. Variants with CADD score >20
427  were considered functional. Overall, 2,487 subjects and 2 variants in the IGF-1 gene passed all the
428  thresholds.

429  Protein modeling and molecular dynamics (MD) simulations

430 The three dimensional (3D) dimeric crystal structure of human IGF-1R was retrieved from the
431 ProteinDataBank (PDB ID: 6JK8). The proteinstructure was visualized and prepared for docking
432 by using Schrodinger Maestro 2023-2 (Schrddinger, LLC, NY). The structure was first pre-
433 processed using the Protein Preparation Wizard (Schrodinger, LLC, NY). The protein preparation
434  stage included proper assignment of bond order, adjustment of ionization states, orientation of
435  disorientated groups, creation of disulphide bonds, removal of unwanted water molecules, metal
436 and co-factors, capping of the termini, assignment of partial charges, and addition of missingatoms
437  and side chains using default protein preparation wizard tasks. Loops refinement and further
438  structural verificationwas carried out using the protein refinement module of Schrédinger Prime
439  using default settings. The missing hydrogen atoms were added, and standard protonation state at
440  pH7 was used. The human wild-type and the mutant IGF-1 was docked inthe binding site 1 of the
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441  IGF-1R using protein-proteindockingsuite (BioLuminate, Schrédinger, LLC, NY). IGF-1 protein
442  was used as ligand and was docked starting from multiple random conformations. Ten
443 representative docked protein-protein complexes were chosen following the clustering of the
444  generated conformers. The binding poses of IGF-1 with IGF-1R were compared with the already
445  reported structures. The best binding pose of wild-type and mutant IGF-1 with IGF-1R based on
446  freeenergyof binding, was subjectedto MD simulations. Mutant IGF-1:p.lle91Leuwas generated
447 by employing computational point mutations using the residue mutation panel of Schrodinger
448  Maestro. Structures of wild-type and mutant IGF-1 bound to IGF-1R were placed in large
449  orthorhombic boxes of size 160 Ax 160 A= 230 A and solvated with single point charge (SPC)
450  water molecules using the Desmond System Builder (Schrédinger, LLC, NY). An appropriate
451  number of counterions were added to neutralize the simulation systems and salt concentration of
452 0.15M NaCl was maintained. All-atom MD simulations were carried out using Desmond®2. All
453  calculations were performed using the OPLS forcefield. Prior to the start of the production run, all
454  prepared simulation systems were subjected to Desmond’s default eight stage relaxation protocol.
455  Both the wild-type and mutant IGF-1 bound to IGF-1R were simulated for 500 ns in triplicates
456 using different sets of initial seed velocities. To maintain the pressure at 1 atm and temperature at
457 300 K during the simulation runs, the isotropic Martyna—Tobias—Klein barostat®3 and the Nose—
458  Hoover thermostaté4were used, respectively. A 9.0 A cutoff was set for short-range interactions
459  and the smooth particle mesh Ewald method (PME)%® was used to measure the long-range
460  coulombic interactions. A time-reversible reference system propagator algorithm (RESPA)
461  integrator was used with an inner time step of 2.0 fs and an outer time step 6.0 fs. Molecular
462  Mechanics-Generalized Born Surface Area (MM-GBSA) method was employed to determine the
463  free energy of binding of wild-type and mutant IGF-1 proteinto IGF-1R using frames obtained
464  from MD simulation trajectories. Frames were retrieved every 2.5 ns from each of the simulation
465 runs and MM-GBSA based binding free energy was computed using Schrodinger Prime
466  employing the VSGB 2.0 solvation model®®. Protein-Protein docking was carried out to dock the
467  additional IGF-1 molecule at the second binding site of IGF-1R (BioLuminate, Schrddinger, LLC,
468  NY). For this, the last frame from each simulation run was extracted, and an additional IGF-1
469  molecule was docked into the second binding site of the IGF-1R. Three independent runs of
470  protein-protein docking were performed on each structure. The top binding poses ineach run were
471 subjected to MM-GBSA to evaluate the binding free energy in an implicit solvent model.
472 Simulation data was analyzed using packaged and in-house scripts. Graphs were plotted using R
473 wersion 3.6.3 (https://www.r-project.org) and images of structures were generated using
474  Schrodinger Maestro 2023-2 (Schrédinger, LLC, NY).
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